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Instructions to Authors 


1. Prior Publication 


'Submission of a manuscript to the Editors involves the tacit assurance that no 


ilar paper, other than an abstract or preliminary report, has been, or will be 
bmitted for publication. 


2. Form and Style of Manuscript 


/Manuscripts should be typed with triple spacing throughout, and only the 
aginal copy should be submitted. Before being mailed to the Managing Editor, 
errors in typing should be corrected, and the spelling of proper names and of 
ds in foreign languages, the accuracy of direct quotations, and the correctness 
analytical data, as well as of numerical values in tables and in the text, should 
carefully verified by the author. Care in grammatical construction is essential; 
e, obscure, or ambiguous statements must be avoided. As the Journal is 
tad by chemists in foreign countries, technical neologisms and “laboratory slang” 
ould not be used; when unavoidable, such terms should be defined. Variations 
mm standard nomenclature and all arbitrary abbreviations should be explained. 
pforms of spelling and abbreviation used in current issues of the Journal should 
employed, and for chemical terms the usage of the American Chemical Society 
fillustrated by the indexes of Chemical Abstracts should be followed. Separate 
ets should be used for the following: (a) title page, (6) bibliography, (c) foot- 
ss, (d) legends for figures, (e) tables, (f) other inserts. All, except the title 
e, should follow the text, and the sheets should be numbered consecutively with 
The title page should carry the title of the paper, the authorship, and the 
ame of the institution or laboratory of origin. 


3. Title 


The title should be as short as is consistent with clarity; in most instances two 

finted lines are adequate to give a clear indication of the subject matter of the 

per. The title should not include chemical formulas, but chemical symbols may 

bused to indicate the structure of isotopically labeled compounds. A running 
p should be provided (not to exceed 38 characters and spaces). 


4. Organization of Manuscript 


A desirable plan for the organization of a paper is the following: (a) introductory 
fement, (b) Experimental (or Methods), (c) Results, (d) Discussion, (e) Sum- 
y, (f) Bibliography. The approximate location of the tables and figures in 
btext should be indicated. 

The introduction should state the purpose of the investigation and its rela- 
ito other work in the same field, but extensive reviews of the literature should 
pbe given. A brief statement of the principal findings is helpful to the reader. 

The description of the experimental procedures should be as brief as is com- 

t with the possibility of repetition of the work. Published procedures, unless 

ively modified, should be referred to only by citation in the bibliography. 
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(c) The results are normally presented in tables or charts and should be described 
with a minimum of discussion. 

(d) The discussion should be restricted to the significance of the data obtained. 
Unsupported hypotheses should be avoided. 

(e) Every paper must conclude with a brief summary in which the essential results 
of the investigation are succinctly outlined. 

(f) The bibliography should conform in all details to the style used in current 
issues of the Journal. In the case of books, the author’s name with initials, the 
title in full, the place of publication, the edition if other than the first, the page, 
and the year of publication should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the author; all should be 
confirmed by comparison of the final manuscript with the original publications, 
References to “unpublished experiments,” ‘(personal communications,” etc., must 
be given in foot-notes, and not included in the bibliography. References to papers 
which have been accepted for publication, but have not appeared, should be cited 
like other references with the abbreviated name of the journal followed by the 
words “‘in press.” It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct bearing on the paper 
whose publication is requested. 


5. Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be made by the use 
of formulas when these can be printed in single horizontal lines of type. The 
use of structural formulas in running text should be avoided. Chemical equa- 
tions, structural formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural formulas or mathe- 
matical equations which cannot conveniently be set in type should be drawn in 
India ink on a separate sheet in form suitable for reproduction by photoengraving 
(example, J. Biol. Chem., 181, 56 (1949)). 


6. Tables 


For aid in designing tables in an acceptable style, reference should be made to 
current issues of the Journal. A table should be constructed so as to be intelligible 
without reference to the text. Only essential data should be tabulated. Every 
table should be provided with an explanatory caption, and each column should 
carry an appropriate heading. Units of measure must always be clearly indicated. 
If an experimental condition, such as the number of animals, dosage, concentration 
ot a compound, etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in the text or in a statement accompanying the table, and 
not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data should be avoided, 
and, whenever space can be saved thereby, statistical methods should be em- 
ployed by tabulation of the number of individual results and the mean values with 
their standard deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two groups of data should 
be accompanied by the probability derived from the test of significance applied. 
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Only in exceptional cases, the necessity for which must be clearly demonstrated, 
may the same data be published in two forms, such as a table and a line figure. 


7. Illustrations 


The preparation of illustrations is particularly important, and authors are re- 
quested to follow carefully the directions given below. In case of doubt, the 
Editorial Office will gladly supply specific information. 

It is helpful to the Editorial Office if all charts and drawings are submitted on 
sheets 83 by 11 inches in size. Large size drawings or those much smaller than 
manuscript sheets are difficult to handle. 

Charts should be planned so as to eliminate waste space, yet be provided with 
sufficient margin for labeling and for instructions about reproduction. Curves 
that can be placed on one chart without undue crowding should not be given in sepa- 
rate charts. The drawings should be made on Bristol board, blue tracing cloth, 
or on coordinate paper printed in light blue. Mounting on heavy cardboard is 
undesirable. Photoengravings made from photographic prints are inferior to those 
prepared from the original drawings, which should, therefore, be submitted when- 
ever possible. If it is necessary to submit photographic prints, because of the 
excessive size of the originals, these should be carefully prepared. All parts of ‘the 
chart should be in even focus, and rules and lettering should be fairly thick, as well 
as large enough for the necessary reduction. When oversized original drawings 
are submitted, a set of small photographic prints is convenient for the use of ref- 
erees. 

All charts should be ruled off on all four sides close to the area occupied by the 
curves, and descriptive matter placed on the ordinate and abscissa should not 
extend beyond the limits of these rules. Black India ink should be used through- 
out. Letters and figures should be uniform in size and large enough so that no 
character will be less than 2 mm. high after reduction (maximal page width 44 
inches). 

The scales used in plotting the data should be indicated by short index lines 
perpendicular to the marginal rules of the drawing on all four sides, unless more 
than one scale is used on the ordinates, at such intervals that interpolation will 
permit reasonably accurate evaluation of experimental points. Points of observa- 
tion should be indicated by symbols drawn with instruments. The significance 
of the symbols should be explained on the chart or in the legend. If they are not 
explained on the face of the chart, only standard characters, of which the printer 
has type, should be employed (X, O, @, 0,M@, A, A, @). 

Photographs submitted for half-tone reproduction should be printed on white, 
glossy paper. The cost of half-tone reproductions will be charged to the authors. 

Each chart, graph, or illustration should be clearly identified, on the margin, 
with the authors’ names and the number of the figure. Each must also be ac- 
companied by an explanatory legend. 


8. Proof-Reading 


Authors are responsible for the reading of galley and page proof. The cost of 
changes, other than correction of printer’s errors, will be charged to authors. 
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9. Reprints 


Reprints will be issued only when ordered by authors. When they are to be 
charged to an institution, an official purchase order must be supplied in addition 
to the order form submitted with the proof. All orders, including the purchase 
orders, must be sent to the Editorial Office of the Journal. The total number of 
reprints must be ordered when galley proof is returned to the Editorial Office. Re. 
prints are made at the time the Journal is printed and the type is destroyed at once, 
Therefore, additional reprints cannot be supplied after an issue of the Journal is 
printed except by a photo-offset method. The cost of such reproduction is many 
times greater than that of reprints printed from the original type. 
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REACTIONS OF XANTHYDROL 
I. AMINO ACIDS* 


By SHERMAN R. DICKMAN ann WAYNE L. WESTCOTTT 


(From the Department of Biological Chemistry, University of Utah College 
of Medicine, Salt Lake City, Utah) 


(Received for publication, March 29, 1954) 


Studies in this laboratory have demonstrated that xanthydrol reacts 
with a variety of proteins and inactivates certain enzymes (3, 4). As a 
means of identifying those amino acid residues of proteins which might 
react with the reagent, xanthydrol has been added to solutions of the 
individual amino acids, and the ultraviolet spectral-absorbancy curves of 
the reaction mixtures have been determined. The data indicate that in 
acetic acid solution xanthydrol reacts with the following amino acids: 
arginine, asparagine, cysteine, glutamine, histidine, lysine, and tryptophan. 
Some of these xanthyl amino acids have been obtained in crystalline form, 
and their synthesis and properties will be described. The a-amino group 
of a-amino acids does not react with xanthydrol under these conditions, 
since alanine, serine, isoleucine, and tyrosine failed to react. 

Xanthyltryptophan is the sole member of the group of xanthyl amino 
acids which is colored. This property, along with its stability in boiling 
acid solution, has been applied to the quantitative analysis of free trypto- 
phan and to the determination of the tryptophan content of proteins.' It 
is also possible to isolate xanthyltryptophan from acid hydrolysates of 
xanthyl proteins. 


EXPERIMENTAL 

Reagents—The amino acids were commercial samples. Xanthydrol was 
purchased from the Eastman Kodak Company or synthesized from phenyl 
salicylate (5). 

Xanthyl Amino Acid Spectral-Absorbancy Curves—Xanthydrol exhibits 
an absorbancy peak at 285 my and all the xanthyl derivatives examined 
thus far also show a peak in this region. This property has been utilized 
in determining the scope of the reaction of xanthydrol with amino acids. 

* Preliminary reports of this work were presented at the meetings of the American 


Society of Biological Chemists, Cleveland, Ohio, 1951, and Chicago, Illinois, 1953 
(1, 2). 


{ Predoctoral Fellow of the Atomic Energy Commission. Present address, E. R. 
Squibb and Sons, New Brunswick, New Jersey. 


‘Dickman, S. R., and Crockett, A. L., to be published. 
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482 REACTIONS OF XANTHYDROL. i 

4 ml. of the amino acid solution in water (0.122 mM, with the exception of 
tryptophan, 0.0122 m) were added to 6 ml. of xanthydrol in glacial acetic 
acid (0.0833 m). After 30 minutes at room temperature, the solution was 
extracted three times with wet ether to remove unreacted xanthydrol, 
The aqueous phase was adjusted to pH 2.5 and diluted to 4 ml. Controls 
were run on all the amino acids and on xanthydrol itself. Spectral-ab- 
sorbancy curves of the extracted reaction mixtures were obtained with a 
Beckman DU spectrophotometer and are presented in Fig. 1. 
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Fic. 1. Ultraviolet spectral-absorbancy curves of amino acid-xanthydrol reaction 
mixtures. A, Curve 1, arginine; Curve 2, lysine, both solutions extracted with ether; 
Curve 3, xanthydrol in glacial acetic acid (10-4 m); Curve 4, arginine control; Curve 
5, lysine control. B, Curve 1, histidine; Curve 2, asparagine; Curve 3, glutamine, 
all three solutions extracted with ether; Curve 4, glutamine control; Curve 5, aspara- 
gine control; Curve 6, histidine control. 


Isolation and Characterization of Xanthyl Amino Acids 


N-Carbobenzoxy-N’-xanthyl-L-asparagine—To a solution of 2.57 gm. 
(0.013 mole) of xanthydrol in 20 ml. of glacial acetic acid were added 2.0 
gm. (0.0065 mole) of N-carbobenzoxy-L-asparagine (6) in 20 ml. of glacial 
acetic acid. The reaction mixture was heated on a water bath at 40-50° 
for | hour. After cooling to room temperature, an equal volume of water 
was added, and the pink flocculent precipitate was filtered with suction and 
dried in vacuo over KOH. The product was recrystallized from methanol- 
ligroin as slender white needles; m.p. 195-196°, yield 1.2 gm. It was in- 
soluble in water, ethanol, ethyl acetate, chloroform, and ligroin, soluble in 
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diethyl ether, and slightly soluble in methanol. The neutral equivalent 

was determined in methanol; calculated 446, found 454. The ultraviolet 
spectrum in methanol is presented in Fig. 2. 

C.;H»2OgNe2 (446.4). Calculated. C 67.3, H 

Found. "7. ** 


S-Xanthyl-.-cysteine Hydrochloride—To a solution of 12.7 gm. (0.064 
mole) of xanthydrol in 50 ml. of glacial acetic acid were added 5.0 gm. 
(0.032 mole) of L-cysteine hydrochloride in 50 ml. of glacial acetic acid 
The reaction mixture was placed in a water bath at 65° for 1 hour and 
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Fic. 2. Ultraviolet spectral-absorbancy curves of xanthyl derivatives. Curve 1, 
V-carbobenzoxydixanthyltryptophan, 3.5 X 10-5 mM in glacial acetic acid; Curve 2, 
xanthyleysteine, 1.65 X 10-4 Mm in methanol; Curve 3, N-carbobenzoxy-N’-xanthy] 
asparagine, 3.5 X 10-5 mM in methanol; Curve 4, xanthylnicotinamide, 1.1 « 10 
in methanol. 


‘mM 
allowed to cool to room temperature overnight. The pale brown crystals 
were filtered with suction and dried in vacuo over KOH. They were re- 
crystallized from methanol to yield 7 gm. of white microneedles; m.p. 
210-215° with decomposition. The product was soluble in methanol and 
insoluble in ethanol, ethyl acetate, and diethyl ether. The nitroprusside 
test for free sulfhydryl groups was negative and the product gave positive 
ninhydrin and chloride tests. The ultraviolet absorption spectrum in 
methanol is presented in Fig. 2 


bo 


~ 


CisHigNO;SCl (337.8). Calculated. C 56.9, H 4.7, N 
5.0, 


4. 
Found. ie, ile --; 


Xanthylnicotinamide —Although not an amino acid derivative, this xan- 


thylamide was prepared as a model compound. To a solution of 5.0 gm. 








484 REACTIONS OF XANTHYDROL. I 
(0.025 mole) of xanthydrol in 70 ml. of glacial acetic acid were added 5.0 
gm. (0.041 mole) of nicotinamide. The reaction mixture was heated on 
the water bath at 85° for 40 minutes. The clear solution was chilled in an 
ice bath and the precipitate of fine white needles was filtered with suction 
and dried in vacuo over KOH. The product was recrystallized from 65 per 
cent aqueous dioxane; yield, 1.2 gm., m.p. 224—226°. The product was 
soluble in methanol, ethanol, dioxane, and pyridine, and insoluble in water 
and ligroin. The ultraviolet absorption spectrum in methanol is presented 
in Fig. 2. 

CigHi4N202 (302.3). Calculated. C 

Found. 


N-Carbobenzoxydixanthyl-.-tryptophan—To a solution of 2.38 gm. (0.012 
mole) of xanthydrol in 20 ml. of glacial acetic acid were added 2.0 gm. 
(0.006 mole) of N-carbobenzoxy-L-tryptophan (7) in 20 ml. of glacial acetic 
acid. The mixture was heated at 45° for 1 hour, cooled to room tempera- 
ture, and an equal volume of water was added which precipitated a violet- 
colored gum. This gum was filtered by suction and dried in vacuo over 
KOH. The crude material was recrystallized from chloroform and ligroin 
as violet microneedles; m.p. 131—134°. It was soluble in glacial acetic acid 
and slightly soluble in diethyl ether, ethyl acetate, and chloroform. It was 
insoluble in water, methanol, and ligroin. The ultraviolet absorption 
spectrum in glacial acetic acid is presented in Fig. 2 and the visible spectrum 
in Fig. 3. The neutral equivalent was also determined; calculated 699, 
found 692. 


CysH34N20, (698.7). Calculated. C 77.4, H 4.87, N 4.01 
Found. ss.” ae, fa 


Monoxanthyl-p.-tryptophan—1 gm. (0.005 mole) of pi-tryptophan and 2 
gm. (0.01 mole) of xanthydrol were suspended in 55 ml. of glacial acetic 
acid, and the mixture was stirred overnight at room temperature. The 
solids gradually dissolved and the solution became dark purple in color. 
If the solution was refluxed, the reaction was complete in 1 hour. The 
clear solution was evaporated in vacuo and the residue dried over KOH 
pellets. The solid was taken up in boiling benzene, and the monoxanthyl- 
pL-tryptophan precipitated by the addition of cyclohexane to the hot solu- 
tion. The light tan product was filtered with suction and washed with 
cyclohexane. Additional solid formed in the filtrate on the addition of the 
cyclohexane. This was also filtered by suction and the process repeated 
until no solid formed. The solids were combined, recrystallized from 
benzene-cyclohexane,? and finally from chloroform-cyclohexane. Mono- 


2 After a few recrystallizations, the substance often became insoluble in benzene. 
The addition of a small volume of glacial acetic acid restored its solubility in benzene. 
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xanthyl-DL-tryptophan was obtained as a white, microcrystalline solid. 
It did not melt, it gradually darkened on heating, and it decomposed in 
the range 205-215°. 
CosHopN20; (384.4). Calculated. C 74.98, H 5.24, N 7.28 
Found. ‘* 74.84, “* 5.40, * 6.84 
The substance was soluble in glacial acetic acid, benzene, and chloroform, 
and insoluble in water, dilute acid and alkali, methanol, ethanol, carbon 
tetrachloride, and ligroin. On heating with ninhydrin in neutral solution, 
the surfaces of the xanthyltryptophan crystals acquired a dark blue colora- 
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Fic. 3. Spectral-absorbancy curves of xanthylamino acids. Curve 1, monoxan- 
thyltryptophan isolated from xanthyllysozyme, 7.8 X 10-* mM in 6 N HCl-glacial acetic 
acid (7:3); Curve 2, monoxanthyl-pL-tryptophan, 7.8 X 10-* mM in 6 N HCl-glacial 
acetic acid (7:3); Curve 3, carbobenzoxydixanthyltryptophan, 3.5 X 10-4 M in glacial 
acetic acid. 


tin. This result indicates that the a-amino acid grouping has not been 
decomposed or masked. Monoxanthyl-L-tryptophan was also synthesized 
and the rotation of a 2 per cent solution in chloroform was determined. 
Due to the color of the solution, accurate readings could not be obtained, 
and this method of characterizing the product was abandoned. Mono- 
xanthyl-pi-tryptophan and carbobenzoxydixanthyl-L-tryptophan both ap- 
pear purple in acid solution. The spectral-absorbancy curves of both com- 
pounds in the visible region have a peak at 510 to 520 mu (Fig. 3). The 
color is dependent on the pH of the solution since, at pH 4 or above, the 
solutions are colorless, but the color reappears on reacidification. 

10 mg. of carbobenzoxydixanthyltryptophan and of monoxanthyltrypto- 
phan were each dissolved in 50 ml. of glacial acetic acid, 50 ml. of concen- 
trated HCl were added, and the solutions were refluxed for 24 hours. 
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Aliquots were removed at intervals and the spectral-absorbancy curves 
determined in the region 400 to 540 my (Fig. 4). Monoxanthyltrypto- 
phan in glacial acetic acid formed a faint pink solution which turned 
yellow on the addition of concentrated HCl. The solution gradually 
darkened and became purple at room temperature. The color change 
was more rapid under reflux conditions.* The absorbancy at 510 my 
after 24 hours of refluxing was 82 per cent as large as that obtained 
after 30 minutes of refluxing. Measurements in the ultraviolet region 
have shown that the increases in absorbancy which are observed after a 
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Fic. 4. Effects of time of heating on visible spectra of xanthyltryptophans. 
Curves 1, 2, 3, carbobenzoxydixanthyltryptophan, 10 mg. in 100 ml. of 12 x HCl- 
glacial acetic acid (1:1), refluxed for 0, 0.5, and 24 hours, respectively ; Curves 4, 5, 6, 
monoxanthyltryptophan, treated similarly. 


short time of refluxing are not restricted to the visible region. Carbo- 
benzoxydixanthyltryptophan in acetic acid also formed a pink solution, 
but did not change color on the addition of concentrated HCl. It dark- 
ened slowly at room temperature or more rapidly under reflux. Its color 
stability under reflux conditions was somewhat less than that of mono- 
xanthyltryptophan. Further work will be necessary to determine whether 
this decrease in absorbancy at 510 my is due to decomposition of these 


’ In one instance the substance was dissolved in acetic acid 48 hours prior to the 
addition of HCl. The solution became almost colorless on the addition of the mineral 
acid, but turned violet as usual on heating. 

‘ The decrease in absorbancy after 24 hours of refluxing may be due to the decrease 
in HCl concentration. 
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compounds or to a continuation of the spectral shifts. If the color of 
these xanthyltryptophan derivatives is ascribed to the formation of -onium 
ions, the results indicate that they form relatively slowly, even when 
heated. 

Isolation of Monoxanthyltryptophan from Lysozyme—To a solution of 2 
gm. of lysozyme in 2 ml. of water were added 2 gm. of xanthydrol in 18 
ml. of glacial acetic acid, and the solution was shaken overnight at room 
temperature. The xanthyl protein was precipitated with dry ether and 
the solid washed once with dry ether. The residue was refluxed for 26 
hours with 50 ml. of 6 n HCl, and the deep purple solution evaporated to 
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Fic. 5. Ultraviolet spectral-absorbancy curves of monoxanthyltryptophan. 
Curve 1, isclated from xanthyllysozyme, 1.1 X 10-4 M in methanol-glacial acetic acid 
95:5); Curve 2, synthetic, 1.1 X 10-4 m in methanol-glacial acetic acid (9:1); Curve 
3, synthetic, 7.8 X 10-4 mM in 6 N HCl-glacial acetic acid (97:3). 


dryness on the steam bath. The residue was taken up in absolute meth- 
anol and evaporated to dryness two times. The violet solid was taken up 
in methanol and partially neutralized with aleoholic KOH. Concentrated 
ammonium hydroxide was added until the odor of ammonia persisted. 
Excess ether was then added, the solid removed, and the filtrate evaporated 
todryness. The tan solid was dissolved in a small volume of glacial acetic 
acid, giving a dark violet solution which turned to a yellow-brown on the 
addition of benzene. The product was precipitated three times by the 
addition of cyclohexane to the acetic acid-benzene solution, and the result- 
ing solid (0.2 gm.) was recrystallized three times from chloroform-cyclo- 
hexane. The visible and ultraviolet spectral-absorbancy curves of the 
monoxanthyltryptophan isolated from xanthyllysozyme, as well as those of 
the synthetic material, are presented in Figs. 3 and 5. It is noteworthy 
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that the presence of mineral acid greatly increases the absorbancy of mono- 
xanthyltryptophan in the visible region; however, it markedly decreases 
the absorbancy of this substance in the region 280 to 290 mu. 

DISCUSSION 

Xanthydrol has been shown to react with a wide variety of active hy- 
drogen compounds. Wawzoneck has ably summarized this literature (8), 
Fosse in 1914 (9) examined a large number of substances, including amino 
acids, for a possible reaction with xanthydrol. He used the formation of a 
precipitate as the criterion of a reaction, and concluded that amino acids 
would not interfere with the gravimetric determination of urea. Fearon 
in 1944 (10) observed the formation of a color when indole and xanthydrol 
were mixed in acetic acid solution. He found that tryptophan in HC] also 
formed a color with this reagent, but attributed this to the prior formation 
of indole from the amino acid. The data obtained in this laboratory indi- 
cate that tryptophan reacts directly with xanthydrol. 

Due to their color intensity and acid stability, the xanthyltryptophans 
have been studied in greater detail than the other xanthyl amino acids, 
Since the color is pH-dependent, the chromophore is presumed to be the 
carbonium-oxonium resonance ion which would be present in acid solution. 

The data presented in this paper indicate that two types of xanthyl- 
tryptophans can be isolated. Apparently, the dixanthyltryptophan deriva- 
tive is formed in the acetic acid reaction mixture and can be isolated as 
described above. On the other hand, when benzene is used to dissolve the 
crude product, the solution loses its purple color and monoxanthyltrypto- 
phan can be isolated. It would seem that one xanthyl group is attached 
to tryptophan much more loosely than the other. The dixanthyltrypto- 
phan derivative is colored in the solid state, while the monoxanthy] deriva- 
tive is white. In the process of recrystallization from benzene-cyclohexane, 
the material first precipitated by the addition of cyclohexane is much more 
highly colored than the subsequently precipitated material. In the repeti- 
tions of this procedure, gradually all of the dixanthyltryptophan is trans- 
formed to the monoxanthyl derivative. 

The positions of the xanthyl residues on the indole ring are not known 
at present. Illari (11) found that in the reaction of indoles with xanthydrol 
the 3 position was favored. If this position was substituted, the xanthyl 
residue was attached to the 2 position and, if both of these positions were 
substituted, the xanthydrol reacted with the nitrogen. By analogy one 
would expect that the 1 and 2 positions of the indole ring had reacted with 
xanthydrol in the formation of dixanthyltryptophan. Which xanthyl 
group is lost in the transformation to monoxanthyltryptophan is not known. 
Preliminary data which bear on these questions have been obtained. Nei- 
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ther 1-N-methyltryptophan nor 2-oxytryptophan formed the violet color 
with xanthydrol in acetic acid, but the ultraviolet spectrum of both re- 
action products indicated that a reaction had occurred. These data sug- 
gest that substitution of the indole nitrogen is essential for color formation, 
but the chromophore can be inhibited by the presence of a hydroxy group 
in position 2. Tryptamine formed a colored solution with xanthydrol, 
which was very similar in optical characteristics to xanthyltryptophan. 
A hydroxy group in position 5, as in serotonin, shifted the visible peak to 
557 mu.! 


SUMMARY 


Evidence is presented for the reaction of xanthydrol with the following 
amino acids: arginine, asparagine, cysteine, glutamine, histidine, lysine, 
and tryptophan. The following compounds have been isolated: carbo- 
benzoxyxanthylasparagine, xanthyleysteine, xanthylnicotinamide, carbo- 
benzoxydixanthyltryptophan, and monoxanthyltryptophan. Both of the 
xanthyltryptophans have characteristics of a pH indicator. They are 
colorless above pH 4 and purple at more acid pH values. Monoxanthyl- 
tryptophan is stable in boiling mineral acid solutions and has been isolated 
from xanthyllysozyme after acid hydrolysis. 


We wish to thank Dr. E. E. Hays, Armour and Company, for generous 
gifts of lysozyme, Dr. H. R. Snyder for the 1-N-methyltryptophan, and 
Dr. C. E. Dalgleish for the 2-oxytryptophan. Our thanks are also due to 
J. L. Zollinger for excellent technical assistance on certain phases of this 
investigation. Most of the microanalyses were performed by Weiler and 
Strauss, Oxford. 
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REACTIONS OF XANTHYDROL 
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Considerable information concerning the active centers of biologically 
active proteins has been obtained through the use of reagents which react 
with one or more of the amino acid side chains (R groups) of the protein 
(2,3). With few exceptions, none of these reagents exhibit complete spec- 
ificity; 7.e., they react with but one kind of amino acid residue in the 
protein. Despite this disadvantage, isolation and analysis of a chemically 
modified protein can often yield valuable information about the protein 
and its essential R groups (4-6). 

Xanthydrol falls in the group of non-specific reagents since it reacts with 
seven individual amino acids in acetic acid solution (7). With proteins, 
however, xanthydrol reacts with fewer R groups than are theoretically 
possible. The estimation of the number of xanthyl groups which are 
bound to a protein utilizes the finding that in acid solution xanthyl groups 
migrate to the indole nucleus of tryptophan to form the colored, acid-stable 
substance, xanthyltryptophan. This phenomenon is termed transxanthyl- 
ation. 

Xanthylinsulin, xanthyllysozyme, and xanthylribonuclease have been 
isolated. Xanthylinsulin is almost as active as insulin in causing hypo- 
glycemia in mice and rabbits, xanthylribonuclease exhibits but a small 
fraction of its original activity, and xanthyllysozyme is completely inactive 
in the lysis of Sarcina lutea. 


EXPERIMENTAL 


Materials—Crystalline lysozyme (Armour), crystalline ribonuclease (Ar- 
mour), and crystalline zine insulin (Armour, lot No. 437-27) were used in 
this work. Xanthydrol was synthesized from pheny] salicylate (8) or pur- 
chased. It was dissolved in glacial acetic acid and used on the day of 
preparation. Xanthylacetamide, m.p. 244-247°, was synthesized by the 
procedure of Phillips and Pitt (9). S-Xanthyleysteine hydrochloride was 
synthesized in this laboratory (7). 


* This investigation was supported in part by research grants from the National 
Institutes of Health, United States Public Health Service, RG-1765, and from Armour 
and Company. A preliminary report of this work was presented at the meeting of 
the American Society of Biological Chemists, Cleveland, Ohio, 1951 (1). 
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Xanthylation of Proteins—The protein was weighed, placed in a centri- 
fuge tube, and dissolved in a minimal volume of water. Xanthydrol (100 
moles per mole of protein) was dissolved in glacial acetic acid and added to 
the protein solution. The final acetic acid concentration varied from 75 to 
95 per cent. The mixture was maintained at 37° for 1 hour and anhydrous 
ether was then added to precipitate the xanthyl protein and to extract 
unreacted xanthydrol. The mixture was centrifuged, washed twice with 
ether, and the product dried in vacuo overnight over KOH and P.O. 

Determination of Total Xanthyl Groups of Xanthyl Proteins—O.5 mil. of 
pL-tryptophan in H,O (1 mg. per ml.) was added to 0.5 ml. of the xanthy| 
protein solution (3 mg. per ml.) in a Pyrex test-tube calibrated at 5.0 ml, 
To this solution 2.5 ml. of concentrated HCl were added. The solution 
was diluted to 5.0 ml. with H.O and mixed, a marble was placed on top of 
the tube, and it was heated in a boiling water bath for 1 hour. The solu- 
tion was cooled, extracted twice with wet benzene, and the benzene evapo- 
rated from the aqueous phase by a stream of air. It was brought to volume 
with 6 N HCl, transferred to a 15 X 125 mm. cuvette, and the absorbancy 
at 510 my determined with a Coleman jr. spectrophotometer. The number 
of xanthyl groups per mole of protein was determined from the standard 
curve (Fig. 1). This curve is based on transxanthylation from xanthyl- 
acetamide and S-xanthyleysteine to tryptophan under the above condi- 
tions. The fact that these two dissimilar xanthyl derivatives form equi- 
molar quantities of xanthyltryptophan under these conditions furnishes 
support for this method of xanthyl group determination. Transxanthyla- 
tion studies with all of the xanthyl amino acids will be required, however, 
to demonstrate the general validity of this method. 

Determination of Biological Activity of Xanthyl Proteins—Lysozyme ac- 
tivity was determined by the method of Dickman and Proctor (10). Ribo- 
nuclease activity was determined by a micromodification of the method of 
McCarty (11). Insulin activity was determined by the standard mouse 
assay. 


Results 


Xanthylation of Insulin—The rate of reaction of xanthydrol with insulin 
was followed by spectral-absorbancy measurements. As demonstrated in 
Fig. 2, an appreciable reaction had occurred in 1 minute, and it was essen- 
tially complete in 30 minutes. Xanthylinsulin was isolated and tested 
for hypoglycemic activity in both mouse and rabbit tests. The values of 
the mouse assays (Table I) indicate that xanthylinsulin is almost as active 
as the control sample. Xanthylinsulin was found to contain 2.2 xanthyl 
groups per mole in the transxanthylation procedure. In contrast to insu- 
lin, xanthylinsulin is relatively insoluble at pH 7.4. It did not, however, 
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show evidence of prolonged hypoglycemic activity in the rabbit. It is, of 
course, possible that the xanthyl residues have been removed in vivo. To 
test the stability of xanthylinsulin at physiological pH and temperature, it 
was incubated in phosphate buffer, pH 7.4, for 2 hours at 38°, then extracted 
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Fig. 1. Formation of xanthyltryptophan by transxanthylation. @, absorbancy 
derived from xanthylacetamide; O, absorbancy derived from S-xanthylcysteine. 
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Fig. 2. Rate of reaction of insulin with xanthydrol. The reaction mixture con- 
tained 25 mg. of insulin and 50 mg. of xanthydrol in 3 ml. of 83 per cent acetic acid. 
At the time indicated, 0.5 ml. was treated with anhydrous ether and the precipitate 
washed five times with anhydrous ether at the centrifuge. The ether-insoluble 
residue was dissolved in 10 ml. of 10 per cent acetic acid and its spectrum measured 
with a Cary recording spectrophotometer. Curve 1, xanthydrol, 10-4 M, in 60 per 
cent acetic acid; Curve 2, insulin, zero time control; Curve 3, insulin, 1 minute; Curve 

4, insulin, 30 minutes; Curve 5, insulin, 18 hours. 








494 REACTIONS OF XANTHYDROL. II 


three times with ether to remove any liberated xanthydrol. 


The spectral. 
absorbancy curve of the aqueous phase indicated that less than 5 per cent 
of the xanthyl groups had been removed. 
exclude the possibility that dexanthylation in vivo has occurred. 


These results, however, do not 


TABLE I 
Biological Activity of Xanthylinsulin 














Experiment No. Insulin Xanthylinsulin 
1 18.3 14.6 
2 24 21.2 
Mouse assay in units per mg.; standard error, 15 per cent. Activity deter- 
r mined by Armour and Company. 
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Fic. 3. Inactivation of lysozyme by xanthydrol. The reaction mixtures con- 
tained lysozyme, 3.3 X 10-4 M, and xanthydrol as indicated, in 95 per cent acetic acid 
The solution was maintained at 20° for 60 minutes, then extracted three times with 
ether, and the aqueous phase neutralized and lysozyme activity determined on an 
aliquot. 

Fig. 4. Rate of inactivation of lysozyme by xanthydrol. The reaction mixtures 
contained lysozyme, 3 X 107-' M in 95 per cent acetic acid and xanthydrol. 
10-2 m; Curve 2, 5 X 10-3 M; Curve 3, 107 M. 
treated as stated in Fig. 3. 


Curve |, 


Temperature, 20°. The solutions were 


Xanthylation of Lysozyme—Various quantities of xanthydrol were added 
to lysozyme (3.3 X 10-*M) in 95 per cent acetic acid. The reaction mixture 
was maintained for 60 minutes at 20°, at which time the xanthyllysozyme 
was precipitated by the addition of anhydrous ether and washed twice 
more with anhydrous ether. As shown in Fig. 3, 38 per cent inactivation 
was caused by 10~* m xanthydrol and 75 per cent by 5 X 10-* m concentra- 
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tion of the reagent. When the rate of lysozyme inactivation was deter- 
mined at three different xanthydrol concentrations, the data of Fig. 4 were 
secured. With 10-* m xanthydrol, only a small increase in lysozyme in- 
activation occurred between 30 and 60 minutes, but with 5 X 107° M 
santhydrol the rate of inactivation was almost linear. It is apparent that 
the concentration of xanthydrol in the reaction mixture markedly influ- 
enced both the rate and the extent of the reaction. A sample of inactive 
santhyllysozyme was assayed for xanthyl groups by the transxanthylation 
procedure. A value of nine xanthyl groups per mole was obtained. The 
absorption spectra of lysozyme and of isolated xanthyllysozyme are pre- 
sented in Fig. 5. 
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Fic. 5. Ultraviolet spectral-absorbancy curves. Curve 1, xanthylribonuclease, 
0.63 mg. per ml.; Curve 2, ribonuclease, 1.23 mg. per ml.; Curve 3, xanthyllysozyme, 


0.3 mg. per ml.; Curve 4, lysozyme, 0.3 mg. per ml. Solvent, 0.1 Nn HCI. 


Xanthylation of Ribonuclease—Ribonuclease was treated with a 100 times 
molar excess of xanthydrol for 1 hour in acetic acid solution. The product 
was precipitated with ether and the ultraviolet spectral-absorbancy curve 
compared to that of the untreated enzyme (Fig. 5). The customary shift 
in the peak towards the longer wave-lengths is evident, as well as an in- 
crease in the absorptivity. This material contained 5.5 xanthyl groups per 
mole and possessed 2.4 per cent of the activity of the control (Table IT). 
Other xanthylribonucleases were prepared with lower concentrations of 
xanthydrol in the reaction mixtures. Fewer xanthyl residues were in- 
corporated on the protein, and higher ribonuclease activities were found 
with these samples. 

Most of the xanthyl amino acids are unstable in hot, dilute acid solution 
(12) but ribonuclease is unusually stable under these conditions (13, 14). 
A xanthylribonuclease solution (5.5 xanthyl groups per mole) was adjusted 
to pH 3 and aliquots were placed in a boiling water bath for 5 and 15 
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minutes. Each was cooled, extracted with ether, and the ribonuclease 
activity determined. The lower portion of Table II indicates that a sig- 
nificant reactivation was accomplished by this treatment. 


TaBLe II 
Effect of Xanthylation and Dexanthylation on Ribonuclease Activity 
The three xanthylribonucleases were prepared by treating ribonuclease with 100, 
25, and 10 times molar excess of xanthydrol in glacial acetic acid for 1 hour at 37°. 
Each was precipitated by ether, washed two times with ether, and dried in vacuo, 
The control was treated in the same fashion but in the absence of xanthydrol. 


Ribonuclease activity 


Xanthyl groups per mole 


Activity expressed as per cent Activity expressed as per cent of 
control ribonuclease that of crystalline ribonuclease 
per cent per cent 

0 (control) 100 55 

5.5 2.4 1.3 

3.5 4.2 2.3 

2.8 12.7 6.9 

Time of heating of 
xanthylribonuclease, pH 3, 93° 

min. 

0 2.4 1.3 

5 3.6 2.0 

15 8.6 4.7 

DISCUSSION 


The wide range of effects obtained with three biologically active proteins, 
in conjunction with the results secured with cytochrome c (15), suggests 
that xanthydrol may become a useful reagent in the investigation of protein 
structure as related to biological activity. In a partially reversible in- 
activation such as was found with ribonuclease, the determination of the 
number and location of the xanthyl groups may yield some insight into the 
active R groups of the enzyme. 

Unfortunately, the solubility properties of xanthydrol limit its use to 
proteins which are soluble and are not inactivated in concentrated acetic 
acid solutions. This limitation can probably be overcome by the introduc- 
tion of polar groups on the aromatic rings of the reagent and thus can in- 
crease its solubility in water. 

Both xanthydrol and xanthone and numerous derivatives are being in- 
tensively investigated as chemotherapeutic agents, insecticides, pesticides, 
etc. (16-21). Miracil C, for example, has the structure 1-diethylamino- 
ethylamino-4-methylxanthydrol, and the even more effective Miracil D is 
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a thiaxanthone derivative (17). Although the mechanism of action of 
such agents is unknown, it is possible that the antibiological effects of these 
compounds are due to their inactivation or inhibition of essential enzymes. 
The question whether xanthones exert their effects directly or after reduc- 
tion in vivo to xanthydrols also cannot be answered at present. The ability 
of xanthydrol to react directly with proteins favors the latter alternative. 


We wish to thank Dr. E. E. Hays and Armour and Company for gen- 
erous gifts of lysozyme, insulin, and ribonuclease, and for carrying out the 
insulin assays. 


SUMMARY 


The reaction of xanthydrol with the proteins insulin, lysozyme, and 
ribonuclease has been studied. Evidence that a reaction takes place in- 
cludes spectrophotometric data, determination of xanthyl groups bound to 
protein, and measurement of the biological activity of the xanthyl proteins. 
lysozyme was completely inactivated by treatment with xanthydrol, 
ribonuclease was decreased to 2 per cent of its original activity, and insulin, 
as tested in vivo, was but slightly affected. The relationship of these re- 
sults to the biological effects of xanthydrol, xanthone, and their derivatives 
is discussed. 
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REACTIONS OF XANTHYDROL 
III. PREPARATION AND PROPERTIES OF XANTHYLCYTOCHROME c 


By WAYNE L. WESTCOTT* ann SHERMAN R. DICKMAN 


(From the Department of Biological Chemistry, University of Utah College 
of Medicine, Salt Lake City, Utah) 


(Received for publication, March 29, 1954) 


The preparation of three xanthyl proteins and a study of their biological 
activities are reported in the preceding paper (3). The present work deals 
with the preparation and properties of xanthyleytochrome c. 

Electrophoretic patterns at various pH values have been used as the 
main criteria of the homogeneity of both cytochrome c (cyt. c) and xanthyl- 
cytochrome c (x-cyt. c). The mobility of xanthyleytochrome c at pH 7.3 
was lower than that of cytochrome c. Xanthylferrocytochrome c was 
found to be oxidized by the succinoxidase preparation from rat kidney 
but xanthylferricytochrome c was not reduced. Furthermore, the presence 
of xanthylferricytochrome c inhibited the reduction of ferricytochrome c 
by this enzyme system. 


EXPERIMENTAL 


Preparation of Cytochrome c and Xanthylcytochrome c—Horse heart cyto- 
chrome c (Sigma Chemical Company) was chromatographed over the ion 
exchange resin XE-64 (kindly furnished by Rohm and Haas) according to 
the procedure of Paléus and Neilands (4) and of Neilands (5). The eluates 
were dialyzed against 0.03 m ammonium hydroxide at 4° and lyophilized. 
The powder contained 0.47 per cent iron, as determined by the method of 
Moss and Mellon (6). This material was then fractionated with ammon- 
ium sulfate at pH 10.06, as described by Keilin and Hartree (7). 

To 200 mg. of cytochrome c in 50 ml. of water were added 4.56 gm. of 
xanthydrol in 100 ml. of glacial acetic acid. The mixture remained at 
room temperature for 30 minutes; it was then extracted three times with 
ether, a small amount of precipitate was removed, and excess ether was 
evaporated from the aqueous phase by a stream of air. The solution was 
then dialyzed against distilled water at 4° overnight and lyophilized. 

*Predoctoral Fellow of the Atomic Energy Commission. The experimental data 
in this paper are taken from a thesis submitted to the Department of Biological 
Chemistry, University of Utah College of Medicine, by Wayne L. Westcott in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy. Present 
address, E. R. Squibb and Sons, New Brunswick, New Jersey. Presented in part at 
the meeting of the American Society of Biological Chemists, Cleveland, April 29- 
May 3, 1951 (1), and Chicago, April 6-10, 1953 (2). 
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Electrophoretic Studies—The protein solutions were dialyzed for 24 hour 
against the appropriate buffers and electrophoretic investigations wer 
carried out at 1.5° in a standard Tiselius apparatus, equipped with the 
Longsworth schlieren scanning system. The areas of the descending pat. 
terns were resolved by the method of Tiselius (8), and the mobility of each 
component was calculated according to Longsworth (9). 


ae 











Fic. 1. Electrophoretic patterns of cytochrome c. A, Veronal buffer, pH 7.35; 
ionic strength, 0.1; protein concentration, 0.54 per cent; time, 166 minutes; Com- 
ponent A, 99 per cent; » X 10-5 + 4.8. B, Veronal buffer, pH 8.45; ionic strength, 
0.1; protein concentration, 0.49 per cent; time, 166 minutes; Component A, 12 per 
cent; w X 10-5 + 2.7; Component B, 31 per cent; u X 10-5 + 3.4; Component C, i7 
per cent, » X 10-5 + 4.5. C, glycine buffer, pH 10.68; ionic strength, 0.1; protein 
concentration, 0.49 per cent; time, 121 minutes; Component A, 99 per cent, » X 10" 
— 3.3. 


Electrophoretic patterns of the purified cytochrome c were obtained at 
7.35, 8.45, and 10.68. The material appeared to be homogeneous at the 
lowest and highest pH values, but three components were observed at pH 
8.45 (Fig. 1, A, B,C). The calculated mobility at pH 7.35 was 4.8 X 10° 
sq. cm. per volt per sec. 

Xanthyleytochrome c appeared to be homogeneous at pH 7.3 (Fig. 2, 
A) with a mobility of 3.8 x 10-°. Two components were observed, hovw- 
ever, on electrophoresis at pH 8.49 (Fig. 2, B). 

Equal quantities of cyt. c and x-cyt. c were placed in the Tiselius apps 
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ratus and electrophoresis was carried out at pH 7.3. The pattern obtained 
(Fig. 3) demonstrates that each protein of the mixture migrated as a sepa- 
rate entity and with the same mobility as the individual protein. Fig. 3 
furnishes additional evidence that xanthyleytochrome c can be considered 
as a distinct, modified protein. 

Spectrophotometric Studies—The ultraviolet absorption spectra of x-cyt. 
cand cyt. c were obtained on a mixture of the oxidized and reduced forms 
of both proteins. Xanthyleytochrome c exhibited a slightly higher absorb- 
ancy than cytochrome c in the region 240 to 310 my (Fig. 4). This is the 





Fic. 2. Electrophoretic patterns of xanthyleytochrome c. A, Veronal buffer, 
pH 7.3; ionic strength, 031; protein concentration, 0.35 per cent; time, 166 minutes; 
Component A, 99 per cent; X 10-5 + 3.8. B, Veronal buffer, pH 8.49; ionic strength, 
0.1; protein concentration, 0.27 per cent; time, 166 minutes; Component A, 24 per 
cent; u X 10-5 + 2.2; Component B, 76 per cent, uw X 10-5 + 3.1. 








Fic. 3. Electrophoretic pattern of cytochrome c-xanthyleytochrome c mixture. 
Veronal buffer, pH 7.3; ionic strength, 0.1; protein concentration, 0.45 per cent; time, 
225 minutes. Xanthylcytochrome c, 39 per cent, » X 10-5 + 3.9; cytochrome c, 61 
percent, » X 10-5 + 4.6. 


region in which xanthyl proteins (3) as well as xanthyl amino acids (10) 
demonstrate an increased absorbancy. From 310 to 400 my, cyt. c ex- 
hibited a slightly higher absorbancy than x-cyt. c. 

Xanthylferrocytochrome c and ferrocytochrome c were prepared by treat- 
ment of the proteins with sodium hydrosulfite, followed by dialysis against 
distilled water. Xanthylferrocytochrome c exhibited a slightly higher ab- 
sorbancy throughout the visible region, except at the 550 mp peak (Fig. 
5). The oxidized forms of both proteins were produced with potassium 
ferricyanide, followed by dialysis and lyophilization. Ferricytochrome c 
exhibited a higher absorbancy than its xanthyl counterpart throughout 
most of the visible region (Fig. 5). 

Solubility of Xanthylcytochrome c—Qualitative observations of the solu- 
bility of xanthyleytochrome c in water indicated that it was much less 
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soluble than cytochrome c itself. The oxidized form of xanthyleytochrome 
c was less soluble than the reduced form. This relationship has also beep 
observed with ferri- and ferrocytochrome c (11). 

Number of Xanthyl Groups in Xanthylcytochrome c—Xanthylcytochrome 
c was analyzed for total xanthyl groups by the procedure of Dickman et al, 
(3). A total of 2.8 moles were found per mole of cytochrome c. As men- 
tioned in the accompanying paper (3), this determination of the total 
xanthyl groups per mole of protein probably furnishes a minimal value, 
The assumption that all xanthyl amino acids transxanthylate at the same 
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Fia. 4. Ultraviolet spectral-absorbancy curves of xanthyleytochrome c and cyto- 
chrome c. Protein concentration, 0.25 mg. per ml. in 0.1 m phosphate, pH 7.4. The 
solid line represents xanthyleytochrome c; the dash line, cytochrome c. 


rate and to the same degree as the two model compounds cannot be checked 
until additional xanthyl amino acids are isolated. 

Effect of Xanthydrol on Cytochrome c Activity—Four different concentra- 
tions of xanthydrol were allowed to react with cytochrome c in 50 per cent 
acetic acid for 30 minutes at 25°. An aliquot of each reaction mixture was 
brought to pH 7.4! and its cytochrome c activity determined in the suc- 
cinoxidase system of rat kidney (12). As shown in Fig. 6, when the xan- 
thydrol concentration was twice that of the cytochrome c very little inac- 
tivation occurred, but, when the xanthydrol concentration was 4 times that 
of the protein, an 80 per cent inactivation was observed. The shape of 
the inactivation curve is similar to the titration curve of a weak electro- 


1 The sodium acetate formed in this neutralization had no effect on the determi- 
nation of cytochrome c. 
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Fic. 5. Visible spectral-absorbancy curves of xanthyleytochrome c and cyto- 
chrome c. Protein concentration, 0.25 mg. per ml. in 0.1 m phosphate, pH 7.4. The 
solid line represents ferrocytochrome c; the dash-dot line, ferricytochrome c; the 
dash line, xanthylferrocytochrome c, and the dotted line xanthylferricytochrome c. 
100 S + + 4 
90k —° 
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Fig. 6. Inactivation of cytochrome c by xanthydrol. The reaction mixtures 
contained cytochrome c (0.96 X 10-* mM) and xanthydrol as indicated, in 50 per cent 
acetic acid. At 30 minutes an aliquot was neutralized and its cytochrome c activity 
was determined enzymatically and chemically. Each curve is based on two separate 
experiments. O, enzymatic assay; A, chemical assay. 
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lyte, and suggests that the inactivation is due to the reaction of a specific 
R group of the protein with xanthydrol. Similar results have been ob. 
tained with lysozyme (3). When the xanthydrol-treated cytochrome ¢ 
was assayed by chemical oxidation-reduction (13), however, no inhibition 


TABLE I 
Oxidation of Xanthylferrocytochrome c in Succinoxidase System 
Each cuvette contained 0.3 ml. of 0.25 mM phosphate, pH 7.4, 0.2 ml. of rat kidney 
homogenate, and xanthylferrocytochrome c as indicated. Total volume, 3 m] 
After 15 minutes, 0.2 ml. of ferrocytochrome c was added and absorbancies at 550 
my were determined. 


Cuvette No. 
Component ——. _—____— pieninadbabnpaotieia Py 
1 2 3 4 5 
mai panied: mg. | mg. - | - mg. — 
Xanthylferrocytochrome c....... .| 0 | 0 | $4 2.0 3.0 
Ferrocytochrome c.......... be 0 | 1.0 1.0 1.0 1.0 
Dia cena es wienns SeEPOTY WEF | 0 0.060 | 0.119 | 0.188 | 0.230 


TABLE II 
Non-Reduction of Xanthylferricytochrome c in Succinoxidase System 
Reagents the same as in Table I. The A559 was determined; then 0.01 ml. of 05 
M succinate, pH 7.4, and 0.03 ml. of 0.01 M Na cyanide* were added to each cuvette 
and the A559 was measured again. 














Cuvette No. 














Component a _- 
1 2 3 4 5 
| mg mg me | me. | me 
Xanthylferricytochrome cc ....... 0 | O | 1 | 2 3 
Ferricytochrome c...............-. | 0 | @ 0 0 0 
ig ice ne dob aiens an 0 | 0.109 | 0.003 | 0.006 | 0.007 


| 
! | 








* This is one-tenth the amount of sodium cyanide used by Potter and DuBois 
(12). ‘ 


was observed. Since the chemical assay is concerned only with the heme 
portion of cytochrome c, this result shows that the reaction of the protein 
moiety with xanthydrol does not affect the chemical oxidation-reduction 
of the iron atom. 

Activity of Xanthylcytochrome c in Succinoxidase System—Xanthylferro- 
cytochrome c was isolated and was assayed directly in the succinoxidase 
system. The results of a typical experiment are set out in Table I and 
demonstrate that xanthylferrocytochrome c can be oxidized by this sys- 
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tem to the same extent as the untreated protein. Furthermore, the oxi- 

dation of ferrocytochrome c was not affected by a 3 times molar excess of 
santhylferrocytochrome c. 








l | | 
) 1.0 2.0 3.0 
Mg. XANTHYL-CYT.c 





Fic. 7. Inhibition of enzymatic reduction of ferricytochrome c by xanthylferri- 
cytochrome c. Each cuvette contained 1.0 mg. of cyt. c, x-cyt. ¢ as indicated, and 


0.2 ml. of rat kidney homogenate. A550 values were determined before and after the 
addition of succinate and cyanide. 


TaBe III 
Effect of Time of Incubation of Xanthylferricytochrome c with Succinoxidase System 
on Reduction of Ferricytochrome c 
Xanthyleytochrome c was incubated with the succinoxidase system for the indi- 
cated time before the addition of cytochrome c, succinate, and cyanide. 








| 7 ri > + eee F 
come ll ‘ Ferricytochrome ¢ Incubation time A Asso | Inhibition 
» ae <= a oe | on Peers a 
mg. | mg. | min per cent 
0 1 0.109 
3 | 1 | 0 0.082 25 
3 | 1 15 0.060 45 
3 | 1 | 30 | 0.051 | 53 








After the enzymatic oxidation of xanthylferrocytochrome c had taken 
place, sodium succinate was added as an electron donor, and cytochrome 
oxidase was inactivated by the addition of cyanide. As shown in Table IT, 
xanthylferricytochrome ¢c was not reduced, whereas ferricytochrome c was 
readily reduced under these conditions. 

Inhibition of Reduction of Ferricytochrome c by Xanthylferricytochrome c— 
Three different quantities of xanthylferrocytochrome c were oxidized in the 
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succinoxidase system. After an incubation of 15 minutes, equal amounts 
of ferricytochrome c, sodium succinate, and cyanide were added to each, 
and the amount of reduction was determined. As shown in Fig. 7, the 
larger quantities of xanthyleytochrome c exerted increasing degrees of 
inhibition on the reduction of ferricytochrome c. 

When xanthylferrocytochrome c was incubated with the succinoxidase 
system from 0 to 30 minutes before the addition of ferricytochrome c, the 
amount of ferricytochrome c reduction was decreased from 75 to 47 per 
cent of the control (Table III). These data indicate a slow reaction of 


or 
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| 2 
TIME IN MINUTES 
Fig. 8. Non-reduction of xanthylferricytochrome c by soluble DPNH-cytochrome 
c reductase. Each cuvette contained 0.10 um of ferricytochrome c or xanthylferri- 
cytochrome c, 0.60 um of DPNH, 67 um of 2-amino-2-methyl-1,3-propanediol, pH 8.5, 
and 0.1 ml. of cytochrome reductase solution. Curve 1, ferricytochrome c; Curve 2, 
xanthylferricytochrome c. 


xanthylferricytochrome c with the cytochrome c reducing factor of the 
succinoxidase system. 

Non-Reduction of Xanthylferricytochrome c by Diphosphopyridine Nu- 
cleotide (DPNH)-Cytochrome c Reductase—When xanthylferricytochrome ¢ 
was added to the soluble flavoprotein DPNH-cytochrome c reductase (14, 
15), essentially no reduction was observed (Fig. 8). In contrast to the 
results with succinic dehydrogenase, however, the addition of xanthyl- 
ferricytochrome c did not inhibit the reduction of ferricytochrome c. 


DISCUSSION 


The disintegration of the pattern observed in Figs. 1, B and 2, B demon- 
strates that cytochrome c is electrophoretically sensitive to changes in pH 
at 0.1 ionic strength. Tint and Reiss (16) observed asymmetric patterns 
with horse heart cytochrome c at pH 8.4 in buffers of 0.1 ionic strength, but 
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nounts at 0.2 ionic strength symmetrical patterns were obtained. These results 
» each, suggest that even purified cytochrome c may not be a homogeneous pro- 
7, the tein. Theorell and Akesson (17) observed similar phenomena in the elec- 
ees of trophoresis of impure cytochrome c solutions. They attributed these ef- 
fects to dissociable salt formation between the cytochrome c and the 
yxidase impurities, since homogeneous boundaries were obtained on the reelectro- 
. ¢, the phoresis of the samples. Their data, however, do not include mobility 
AT per values at pH 8.4. 7 . . 
tion of Although an insufficient number of electrophoretic patterns at different 


pH values have been obtained to establish the isoelectric point of xanthyl- 
cytochrome c, the lower mobility of this material at pH 7.3 compared to 
cytochrome c indicates that the isoelectric point has been lowered. The 
three xanthyl groups which are bound to the protein presumably are at- 
tached to basic amino acid residues. Further work will be necessary to 
determine the particular amino acid residues which have reacted with the 
xanthydrol. 

The inhibition of cytochrome c reduction by xanthylferricytochrome c is 
perhaps related to the fact that, in the succinoxidase system, cytochrome c 
can be considered to act as a substrate. Xanthylferricytochrome c then 
can be looked upon as a modified substrate which competes with the added 
substrate (cyt. c) for the cytochrome c reductase (Slater factor) (18). As 
shown in Table I, the added xanthylferrocytochrome c was rapidly oxi- 
dized. The fact that the amount of inhibition increased with the time of 
preincubation (Table III) indicates that the reaction of xanthylferricyto- 
ochrome | chrome c with the cytochrome reductase proceeds relatively slowly. Fur- 


hylferni- thermore, if this combination were readily reversible, no inhibition would 
a have been observed. This may be the situation with the soluble DPNH- 
j : cytochrome c reductase. 

In its normal functioning as an electron transfer agent in the succinoxi- 

- of the dase system, cytochrome c reacts alternately with cytochrome c reductase 

and cytochrome a. According to the Michaelis-Menten theory, two sep- 

ine Nu- arate enzyme-substrate complexes would be formed corresponding to 

hrome ¢ ferricytochrome c-cytochrome c reductase and ferrocytochrome c-ferricyto- 

ase (14, chrome a, respectively. If these complexes are formed by means of 3 point 

| to the combinations between the two proteins, one point in each complex is prob- 

xanthyl- ably through the hemes, which allow the electron to be transferred, and the 

e. other two are present in the protein moieties. These two points may be 

composed of the same R groups or of different R groups in the combination 

of cytochrome ¢ with the reductase or with cytochrome a. Furthermore, 

demon- the affinity of ferricytochrome c for the cytochrome c reductase is much 

1s in pH greater than is that of ferrocytochrome c. The converse holds for the 
pattems cytochrome c-cytochrome a combination. 

gth, but On this basis the fact that xanthylferrocytochrome c is oxidized indicates 
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that the two essential groups for the reaction of the protein with ferricyto- 
chrome a are unaffected by xanthydrol. The non-reduction of xanthyl- 
ferricytochrome c suggests that one or both of the two groups involved jn 
the reaction with cytochrome c reductase have been covered by xanthy| 
residues. If both were affected, it might be presumed that the xanthyl- 
ferricytochrome c would have but little affinity for the reductase, and no 
inhibition of ferricytochrome c reduction would be expected. The ex- 
perimental finding of such an inhibition can most readily be interpreted as 
the xanthylation of only one of the groups, the affinity of xanthylferricyto- 
chrome c for the reductase remaining large enough to prevent ferricyto- 
chrome c from combining with the reductase. The data further suggest 
that the two groups involved in the ferrocytochrome c-cytochrome a com- 
plex are different from those involved in the ferricytochrome c-cytochrome 
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Fic. 9. Postulated complexes of xanthyleytochrome c with the cytochrome c 
reductase factor and cytochrome a of the succinoxidase system (diagrammatic). 


c reductase complex. 
in Fig. 9. 

The lack of agreement between the chemical and enzymatic assays of 
xanthyleytochrome c is not unexpected since different mechanisms are in- 
volved. In the enzymatic reactions, the appropriate protein complexes 
must first be formed. In the chemical reactions, the iron atom of the heme 
is probably oxidized or reduced directly. These results clearly demonstrate 
that the chemical assay of cytochrome c may be quite misleading in pre- 
dicting the biological activity of a given preparation. 


A diagrammatic sketch of these relations is presented 


SUMMARY 


Purified cytochrome c formed homogeneous boundaries during electro- 
phoresis at pH 7.3 and 10.7, but three components were observed at pH 8.4. 
Xanthyleytochrome c has been isolated after the treatment of cyto- 
chrome c with xanthydrol. It contains three xanthyl groups per mole. 
At pH 7.3, xanthyleytochrome c gave a homogeneous pattern in the Tisel- 
ius apparatus but migrated with a lower mobility than did cytochrome ¢. 
Xanthylferrocytochrome c has been found to be oxidized by the suc- 
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cinoxidase preparation from rat kidney but xanthylferricytochrome c was 
not reduced. Xanthylferricytochrome c inhibited the reduction of ferri- 
cytochrome c by this system. Xanthylferricytochrome c was not reduced 
by the soluble flavoprotein DPNH-cytochrome c¢ reductase nor did it 
inhibit the reduction of ferricytochrome ¢c by this enzyme. Xanthyl- 
ferricytochrome c was reduced by sodium hydrosulfite, and xanthylferro- 
cytochrome ¢ was oxidized by potassium ferricyanide. The significance of 
these results is discussed. 


We wish to thank the Sigma Chemical Company for a generous gift of 
cytochrome c. We wish to acknowledge the aid of Mr. Douglas Brown in 
obtaining the electrophoretic patterns and of Miss Mary Louise Helmreich 
in the operation of the Cary recording spectrophotometer. 
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THE DIRECT CONTRIBUTION OF ADENINE TO THE 
BIOGENESIS OF RIBOFLAVIN BY EREMOTHECIUM 
ASHBYII 


By WALTER 8. McNUTT 


(From the Department of Biochemistry, Vanderbilt University, Nashville, 
Tennessee) 


(Received for publication, December 28, 1953) 


Certain of the naturally occurring purines have been demonstrated to 
enhance the production of riboflavin by Eremothecitum ashbyii without at 
the same time affecting the growth of the organism (1). From this obser- 
vation and from consideration of the structural similarities between the 
purine ring system and the isoalloxazine ring of riboflavin, MacLaren (1) 
postulated a ‘“‘purine pathway” of riboflavin biogenesis 
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where R, R!, and R? represent substituents appropriate to adenine, guanine, 
hypoxanthine, xanthine, and uric acid. 

He observed further that the ribosyl group of the nucleosides corresponds 
in position to that of the ribityl group of riboflavin. Nucleosides and nu- 
cleotides of the purines were not tested, however, nor were experiments 
carried out to determine whether, in actual fact, purines play the direct 
réle in riboflavin biogenesis which was postulated. 

The purpose of this article is to present the results obtained from the 
testing of nucleosides and nucleotides upon the production of riboflavin 
by this yeast, to show that carbon atoms constituting the ring system of 
adenine are incorporated into the 6,7-dimethylisoalloxazine portion of the 
riboflavin molecule, and that carbon atom 8 of the purine is principally 
“lost” in the process. 


EXPERIMENTAL 

Materials—The purines, nucleosides, and nucleotides were products of 
the Nutritional Biochemicals Corporation, Cleveland, Ohio. Riboflavin 
was a Merck product. Adenine-8-C™ (2) was a gift from Dr. H. M. Kal- 
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ckar. Adenine randomly labeled with C' was a product of the Schwan 
Laboratories, Inc., Mount Vernon, New York. Lumichrome was pre. 
pared by exposing a solution of riboflavin in 50 per cent methanol-water to 
sunlight (3). The lumichrome was extracted from the aqueous solution by 
extraction with chloroform. It was crystallized three times from glacial 
acetic acid and dried over sulfuric acid at room temperature. 
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Fig. 1. The absorption spectrum of lumichrome. @, 0.4 nN NaOH; A, 0.1 n HCl 


The material dried to constant weight at 120° showed a weight loss of 3.5 
per cent; theory requires 3.6 per cent. Found in the material dried to 
constant weight at 120°, N 23.2 per cent; Ci2HioO2N, requires N 23.1 per 
cent. 

The absorption spectrum is shown in Fig. 1, since that which was re- 
ported by Karrer et al. (3) is in serious error. 

Assay—E. ashbyit ATCC 6747 was cultivated as described by MacLaren 
(1), with the exception that the step of autoclaving the medium in two 
separate portions was omitted. Cultures were grown in duplicate in red 
glass Erlenmeyer flasks containing 20 ml. of medium. Purines, nucleo- 
sides, and nucleotides were added at such weight as to provide 15 X 10° 
mole of compound per flask. Assays were incubated for periods of 1 week 
at room temperatures (23-33°) under aerobic conditions (80 to 100 strokes 
of the shaker per minute). At the end of the incubation period sufficient 
1 n acid and water were added to each flask to make 30 ml. of 0.1 n HSO:. 
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The contents were autoclaved at 116° for 15 minutes, cooled, and diluted 
to 50 ml. in red glassware. Riboflavin was determined fluorometrically in 
a diluted aliquot of the supernatant fluid. Agreement between duplicate 
flasks was within 15 per cent. 

Determination of Lumichrome—Lumichrome was determined quantita- 
tively by means of its optical density at 265 my in 0.4 N NaOH and also 
from its green fluorescence in 0.4 Nn NaOH. 

Counting Radioactive Materials—Samples were dispensed for counting by 
evaporating aqueous solutions of the substance in question in aluminum 
dishes such that circular areas of solid material about 4 mm. in diameter 
were deposited. Unless otherwise stated, a thin window counter and a 
Berkeley (model 2000) decimal scaler were used for the counting. Good 
proportionality between the amount of substance and the number of counts 
was obtained, the precision error not exceeding 10 per cent even with the 
samples of low radioactivity. 

Chromatographic Separations—The procedures of chromatography, on 
Florisil and paper, for the isolation of riboflavin are described in the ex- 
ample which appears under “Results.” The manipulations involving ribo- 
flavin were carried out in dim light. 


Results 


Comparison of Effectiveness of Various Purines with That of Their Nucleo- 
sides and Nucleotides in Promoting Production of Riboflavin by E. ashbyii— 
The comparative effectiveness of various purines and the corresponding 
nucleosides and nucleotides upon the production of riboflavin by this yeast 
is presented in Table I. It is valid to make comparisons only within an 
individual assay, since the conditions of temperature, aeration, etc., were 
not necessarily identical during different assays. 

The results show that xanthine is more effective than hypoxanthine in 
the enhancement of riboflavin production, a result in agreement with 
MacLaren’s observations (1). The nucleosides and nucleotides are seen 
to be no more effective than the corresponding purines and, except for 
guanylic acid, are actually less effective than the free purines. 

If it is supposed that any of the nucleosides or nucleotides here tested 
are more immediate precursors of riboflavin than the purines are, one might 
expect them to enhance the production of riboflavin more than an equi- 
molar amount of the purine. Since in no case was this true, there is doubt 
that the biogenesis of riboflavin by this organism involves these nucleosides 
or nucleotides as intermediates. It is conceivable, however, that the in- 
effectiveness of the usual nucleosides and nucleotides might be due to the 
inability of the organism to carry out the required transformations of the 
purine ring while attached to the ribosyl group. Xanthine oxidase, for 
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example, does not catalyze the oxidation of purines when in the form of nv. 
cleosides or nucleotides. Uric acid is effective in promoting the production 
of riboflavin by this yeast (1). It would be interesting to know whether 
uric acid riboside shows a greater effect. 

Incorporation of Adenine into Riboflavin Molecule—Since none of the 
readily available nucleosides showed greater effects upon riboflavin produe- 
tion than the corresponding purines, there seemed little reason to investi- 
gate the question whether the ribosyl group and aglycone of the nucleoside 
both go into the riboflavin molecule while still attached. The two experi- 

TABLE I 
Comparative Effectiveness of Various Purines, Nucleosides, and Nucleotides 
in Promoting Riboflavin Production by E. ashbyii 





fone | Added purine, nucleoside, or nucleotide Riboflavin produced — = yield of 

No. riboflavin 

| 15 X 10-6 mole per 20 ml. mg. per 20 ml. per cent 
DNR gece cus iie cay naaickeieonen 3.3 0 
| Xanthine-H.0.. 4.3 30 
Xanthosine.... ical 3.3 0 
Hypoxanthine . oe, 3.8 15 
Inosine. . . 3.5 6 
ee coat 3.2 0 
Guanine-HCI-H:0...... ee | 4.6 | 43 
Guanosine-H20............ daseseael 3.9 22 
Guanylic acid... cb eeneeebiee el 4.6 43 
See oe ee 3.1 0 
Adenine-3H:0..... eee: 4.0 29 
Adenosine-1.5H;0.... ion 3.4 10 
Adenosine-3’-phosphoric acid....... .| 3.2 3 
Adenosine-5’-phosphoric acid....... 3.1 0 








ments carried out were designed to determine whether the effect of purines 
upon increasing the production of riboflavin is, in fact, direct, involving 
the incorporation of carbon atoms from the purine into the riboflavin 
molecule. Experiment I involved the use of adenine-8-C™ as the purine 
source. In Experiment II randomly labeled adenine-C™ was used.  Pre- 
sumably, all of the carbon atoms in the randomly labeled molecule were of 
equal specific activity. 

Experiment I—Adenine-HC1-3H.0 (mol. wt. 180.5) labeled with C* in 
carbon atom 8 showed a radioactivity of 29.7 c.p.m. per 0.25 y of com- 
pound. 

Two samples containing 2.7 mg. each of adenine- HCl-4H»O (15 X 10° 
mole) in 20 ml. of medium and two control samples without added purine 
were incubated, hydrolyzed, and analyzed for riboflavin as previously 
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described. In the control flasks an average of 2.6 mg. of riboflavin per 20 
ml. was produced, while flasks containing the adenine showed an average 
production of 3.3 mg. of riboflavin. 

The contents of the experimental flasks were pooled and filtered through 
asintered glass filter. The filtrate and washings (125 ml.) were brought to 
pH 5.5 by the addition of 5.85 ml. of 1 N NaOH. This solution was 
passed through a Florisil column (2 X 12 em.) which was then washed with 
500 ml. of water. The column was sucked dry, and the yellow band at the 
top was transferred to a red flask. The earth was eluted four times with 
30 ml. of eluting solvent (6 ml. of pyridine; 0.6 ml. of glacial acetic acid; 
93.4 ml. of water). The combined filtrates were evaporated to about 2 ml. 
in vacuo, and the residue was taken up in 5 ml. of pyridine. Acetone (200 
ml.) was added, and the bulky precipitate which formed was removed by 
filtration. The filtrate was reduced to about 2 ml. as before and diluted to 
5 ml. with pyridine. The precipitation with acetone was repeated. The 
filtrate was once more reduced in vacuo and taken up to a volume of 5 ml. 
with pyridine. By means of the precipitation of extraneous solid matter 
with acetone, the resulting filtrate (which contained most of the original 
riboflavin) could be chromatographed on paper without difficulty. 

The riboflavin was purified further by ascending chromatography on 
paper by means of the butanol-water-acetic acid system described by 
Whitby (4). An aliquot (500 ul.) of the pyridine solution of riboflavin 
from the Florisil column was placed along 20 cm. of paper. Riboflavin 
(20 y) was placed beside it. The system was run for 2 days at 28°, the front 
having covered 40 cm. Only one band could be seen on the chromato- 
gram (Rr 0.48). The riboflavin spot had an Ry value of 0.49. The yellow 
band was cut out and eluted with 7 ml. of hot water. The supernatant 
solution was analyzed for riboflavin, dispensed to aluminum dishes in ali- 
quots of varying size, and counted. The riboflavin thus obtained showed 
an average value of 11.4 c.p.m. per 10 y. 

Experiment IJ—Adenine-3H:O (mol. wt. 189.1) labeled randomly with 
C“ showed a radioactivity of 87.2 c.p.m. per y. To each flask 2.36 mg. 
(12.5 X 10-® mole) of compound were added, and the procedures outlined 
in Experiment I were followed. The control flasks showed an average of 
3.05 mg. of riboflavin, while the amount found in the flasks containing the 
adenine averaged 3.98 mg., or an increased biosynthesis of 0.93 mg. (30 
per cent increase). The riboflavin was isolated as before and had 236 
¢.p.m. per 10 y. 

If it is assumed that a static ‘‘basal’” amount of riboflavin is produced in 
both the control flasks and in the flasks containing the administered ade- 
nine and that the riboflavin formed in addition to this “basal” amount 
arises stoichiometrically mole for mole from the adenine administered, the 
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computation (Table II) shows that the riboflavin in Experiment I is too 
dilute by a factor of 10.7, while the riboflavin in Experiment II is too 
radioactive by a factor of 2.3. Thus, in Experiment I the adenine would 
be considered to have undergone a loss of carbon atom 8 to an extent of 9] 
per cent in the formation of riboflavin. If a correction is applied in Experi- 
ment II for this loss of carbon atom 8 of the adenine (assuming all of the 
carbon atoms in the randomly labeled adenine are of equal specific ae- 
tivity), the riboflavin obtained is computed to be too radioactive by a 
factor of 2.8. 

It is reasonable to infer, therefore, that in the presence of added adenine 
the organism not only makes use of it to produce an additional amount of 
riboflavin, but also uses it in place of non-radioactive precursors which 
would otherwise go into the biogenesis of the “‘basal” amount of riboflavin. 
This would mean that the dilution factor of carbon atom 8 of the purine is 
even greater than the 10.7 calculated in Experiment I by a factor greater 


TaBLeE II 
Radioactivity of Riboflavin 





Experiment No Riboflavin formed from | Total radioactivity found Total radioactivity cal- 





administered adenine | in riboflavin culated for riboflavin 
mole X 10-8 c.p.m. X 108 c.p.m. X 108 
I 1.90 3.78 40.6 


I 2.47 | 94.3 40.7 





than 2, which is to say that the labeled carbon atoms in the randomly 
labeled adenine are incorporated in mass into riboflavin to an extent some 
25 times greater than that of the 8 position of adenine. The precursor, or 
precursors, which arise from adenine and which contribute most to the 
biogenesis of riboflavin may, therefore, be assumed to lack the ureido 
carbon atom of the imidazole ring of the purine. That adenine may act 
as a reasonably good precursor of riboflavin may be realized from the fact 
that when administered at a concentration of 0.0006 m one-fifth of the 
adenine may be accounted for by the amount which goes into the riboflavin 
molecule. 

Locus of Labeling within Riboflavin Molecule—Approximately 240 y of 
each labeled riboflavin were converted to lumichrome by exposure to light 
in methanol solution (3). The solutions were placed along 2.5 cm. of 
paper and chromatographed on paper in the system of n-butanol-acetic 
acid-water as described above. Authentic specimens of riboflavin and 
lumichrome were run beside it. The front moved 24.5cm. The chromato- 
gram showed one spot at Rr 0.69. The Ry of lumichrome is 0.69, while 
that of riboflavin is 0.37. The lumichrome spots were cut out and ex- 
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tracted from the paper with 8 ml. of 0.05 n NaOH. After washing the 
alkaline solutions with chloroform and discarding the chloroform, the 
aqueous solutions were adjusted to pH 2.0 and extracted five times with 5 
ml. volumes of chloroform. The chloroform solutions were evaporated to 
dryness, the yellow residues being taken up in 3 ml. of 0.02 n NH,OH for 
analysis and counting. A gas flow counter was used. 

The lumichrome solution (Experiment I) showed the absorption maxima 
and minima characteristic of lumichrome and yielded 32.4 y per ml., as 
determined by its extinction at 265 my. 36.1 y per ml. were obtained by 
the fluorometric procedure, an average of 34.2 y per ml.; the radioactivity 
was 29.2 c.p.m. per 10 y. The lumichrome solution (Experiment IT) 
showed the characteristic absorption spectrum, yielding 33.8 y per ml. by 
its extinction at 265 mu and 34.0 y per ml. fluorometrically; the radio- 
activity was 1070 c.p.m. per 10 y. 


TasBe III 
Radioactivity of Lumichrome 











Per cent cu in riboflavin 
Experiment No. Radioactivity of riboflavin | Radioactivity of lumichrome datthglosalienaains 
portion of molecule 
‘ c.p.m. per 10-8 mole c.p.m. per 1078 mole 5 Wee 
I 16.3 7.34 45 
II 336 269 80 





The summary (Table III) shows that the lumichrome in Experiment II 
is 37 times as radioactive as that in Experiment I. Of the small C™ con- 
tent of the riboflavin in Experiment I, 55 per cent resides in the ribityl 
group, and only 45 per cent is in the 6,7-dimethylisoalloxazine portion of 
the molecule. In Experiment II, 80 per cent of the C™ of riboflavin is in 
the ring portion of the molecule and 20 per cent in the ribityl group. This 
is considerably more “randomization” of C' to the ribityl group than can 
be accounted for upon the basis of the 8 position of adenine alone. Ex- 
periments to account further for individual carbon atoms within the mole- 
cule are under way. 


DISCUSSION 


That none of the purine nucleosides which were examined were more 
effective than the purines in promoting the production of riboflavin by 
E. ashbyii is not of great consequence to the question of the possible réle 
of nucleosides of ribose in the biogenesis of riboflavin. For while xantho- 
sine, inosine, adenosine, and guanosine were each less active than the parent 
purine, the possibility remains that uric acid riboside or the riboside of an 
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incompletely formed purine might function as a precursor of riboflavin, 
Since a biochemical mechanism is known which accounts for the formation 
of the N-ribosyl group, one is reluctant to abandon the idea that the bio 
genesis of the N-ribityl group is related to it. It might be argued that g 
specific riboside is involved in the biogenesis of riboflavin by this yeast and 
that the purine ribosides which were administered were ineffective by vir. 
tue of the inability of the organism to convert them into the specific inter. 
mediate. 

In regard to the ability of carbon atoms constituting the ring system of 
adenine to act as precursors of riboflavin, several interpretations are pos- 
sible, the least interesting being that in which the ring is conceived merely 
to break down into very simple molecules, which are subsequently used at 
random in the biogenesis ‘of various metabolites among which is riboflavin, 
A more interesting possibility is that an orderly process of utilization occurs, 
involving the opening of the imidazole ring of the purine, while the pyrimi- 
dine ring remains intact. The experiments described here, which show that 
carbon atoms from randomly labeled adenine are incorporated to a very 
considerable extent into the 6,7-dimethylisoalloxazine portion of the ribo- 
flavin molecule and that the ureido carbon atom of the imidazole ring of 
the purine is for the most part lost, are not inconsistent with the latter 
possibility. Since, however, considerable labeling of the ribityl group took 
place which cannot be accounted for upon the basis of carbon atom 8 alone, 
some opening of the pyrimidine ring necessarily occurs. Further experi- 
ments are required to determine how much randomization the pyrimidine 
ring has undergone. 

With regard to the biogenesis of the dimethylbenzene portion of the ribo- 
flavin molecule, it is a curious fact that riboflavin has not been implicated 
in the pathway of benzene ring formation which is common to the aromatic 
amino acids, including p-aminobenzoic acid (5-7). The possibility exists 
that the dimethylbenzene portion of riboflavin arises through an inde- 
pendent pathway. The dimethylbenzene ring might be conceived, in a 
formalistic way, to arise through the condensation of a suitable aliphatic 
precursor with a diamino pyrimidine (or its ribosyl derivative), followed by 
cross-linkage and aromatization. 

The report of Plaut (8) that formate gives rise to carbon atom 2 and that 
COs gives rise to carbon atom 4 in the biogenesis of riboflavin by Ashbya 
gossypii also suggests that purines may act as precursors in the biogenesis 
of riboflavin. Adenine can act as a rather good precursor of riboflavin in 
the nutrition of EL. ashbyii, as seen from the fact that at concentrations of 
0.0006 mM as much as one-fifth of it may be recovered in the riboflavin whieh 
the organism produces. Whether any of the usual purines actually are 
normal intermediates in the biogenesis of riboflavin cannot as yet be 
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answered. In any event, it is unlikely that all of them which stimulate 
the production of riboflavin by this yeast are themselves true intermedi- 
ates. 


SUMMARY 


1. A number of naturally occurring purine nucleosides and nucleotides 
have been examined for their ability to promote the production of ribo- 
flavin by Eremothecium ashbyii. Since in no instance were these purine 
nucleosides or nucleotides more effective than the free purines in increasing 
the yield of riboflavin, it seems unlikely that they are involved in the 
metabolism of this organism as more immediate precursors of riboflavin 
than are the purines. 

2. Adenine, when added to the medium, is incorporated into riboflavin, 
principally into the 6 ,7-dimethylisoalloxazine portion of the molecule. 

3. The ureido carbon atom in the imidazole ring of adenine is incorpo- 
rated into riboflavin to only a very slight extent, from which it may be 
surmised that the principal precursor of riboflavin to which adenine gives 
rise is lacking in this carbon atom. Of the small amount of C™ incorpo- 
rated into riboflavin only 45 per cent resides in the ring portion of the mole- 
cule. 

4. The possible significance of these findings is considered. 


Grateful acknowledgment is made of the generosity of Dr. H. M. 
Kalckar in supplying the adenine-8-C™ used in these experiments and of 
Dr. Frederick T. Wolf for the gift of a culture of FE. ashbyii, as well as for 
his helpfulness in many other ways. 
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STUDIES ON CELL DIVISION 


NITROGEN COMPOUND CHANGES IN YEAST ACCOMPANYING AN 
INHIBITION OF CELL DIVISION 


By EDWARD SPOERL anno RICHARD CARLETON 
(From the Mound Laboratory,* Miamisburg, Ohio) 


(Received for publication, April 14, 1954) 


Cell division in yeast has been shown in previous reports to be selectively 
inhibited by radiation (1) and by several chemicals.'! A specific effect had 
been sought so that biochemical changes in the cell might be correlated with 
an inhibition of division. Though cellular changes occurring at division 
are the basic information from which an understanding of the mechanisms 
involved in cell division must be built, only a few data on such changes are 
available in the literature (see Hughes (2) and Heilbrunn (3)). This paper 
reports changes in amounts of major nitrogen fractions and free amino 
acids of division-inhibited yeast cells. Three division-inhibiting agents 
have been compared and found to produce quite similar patterns of change. 


Methods 


The yeast used was a strain of Saccharomyces cerevisiae isolated in this 
laboratory from a cake of Fleischmann’s bakers’ yeast. The yeast was 
inoculated from a stock culture slant into sterile synthetic medium? and 
was grown with shaking for 6 to 7 hours at 30°. After centrifugation and 
washing, the cells were suspended in fresh, sterile medium (1.5 X 10° cells 
per ml.) and grown with shaking to a concentration of 1.0 X 10’ cells per 
ml. (103 to 113 hours), at which time the division-inhibiting treatment was 
begun. Treatment continued as in previous studies (1) for 4 additional 
hours of growth at 30° with continuous shaking. 

a-Radiation, x-radiation, and triethylenemelamine (TEM)* were used to 
inhibit cell division. a-Radiation was obtained by adding polonium dis- 
solved in 0.3 N HC] to the growth culture. 20 uc. were added per ml. of 

* Operated by the Monsanto Chemical Company for the Atomic Energy Com- 
mission under contract No. AT-33-1-GEN-53. 

1 Loveless, Spoerl, and Weisman, unpublished work. 

* The composition (per liter) of the medium was 40 gm. of glucose, 4 gm. of diam- 
monium tartrate, 2 gm. of KH.PO,, 1.5 gm. of asparagine, 0.25 gm. of Na.SO,-10H.0, 
0.25 gm. of MgClo-6H2O, 0.13 gm. of CaCle, 10 mg. of inositol, 4 mg. of thiamine, 1 
mg. of pyridoxine, 500 y of calcium pantothenate, 25 y of biotin, 400 y of ZnSO,-7H,0, 
150 y of Fe(NH,)2(SO,)2-6H2O, and 25 y of CuSO,-5H.0. 

* Kindly supplied by Dr. J. M. Ruegsegger, Lederle Laboratories Division, Ameri- 
can Cyanamid Company. 
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culture, and an equivalent amount of 0.3 Nn HCl was added to control ey. 
tures. A Picker 260 kvp. x-ray machine was used to provide a dose of 
15,000 to 20,000 r. Dosage was determined by means of a chemical 
dosimeter (1). Triethylenemelamine was added to cultures at a concen. 
tration of 0.6 mg. per ml. of culture. The cell treatments were selected s9 
as to produce similar effects upon division. 

At the end of the treatment period, the medium was removed by cen. 
trifugation, the cells were washed three times with ammonia-free water, 
and then were suspended in 100 ml. of water from which aliquots were 
taken for analysis. Cells were handled and maintained at 4° until an. 
alyzed. Dry weights were obtained from aliquots dried at 105° for 24 
hours. Cell counts were made in a hemocytometer. Cells were extracted 
with approximately 20 volumes of 5 per cent trichloroacetic acid (TCA) for 
16 hours at 4°. The extract was removed by centrifugation, and the cells 
were washed once with additional 5 per cent TCA. The washings wer 
combined with the extract. Some extractions were made by grinding the 
cells in a mortar with alumina and extracting with water. 

Nitrogen was determined by a H.SO,-H.O2 micro-Kjeldahl method (4), 
After digestion and dilution, aliquots were nesslerized with Vanselow’s 
reagent (5) and allowed to stand 30 minutes, and optical density was read 
at 440. my in a Coleman spectrophotometer. Ammonium sulfate stand- 


ards and blanks were also digested and nesslerized. Total nitrogen was 


determined on whole cells; the nitrogen of the TCA extract is reported as 
acid-soluble nitrogen, and the nitrogen of the TCA-insoluble residue is 
reported as protein nitrogen. The amide nitrogen in the TCA extract was 
determined by measuring the ammonia present before and after a 5 hour 
hydrolysis in a solution 3 N with H.SO, (6). Ammonia was vacuum-dis- 
tilled at 40° into 0.02 n H.SO, (7), and the (NH4).SO, formed was nessler- 
ized. a-Amino nitrogen in the TCA extract was measured by the Van 
Slyke nitrous acid method (8). Arginine was measured chemically by the 
modified Sakaguchi test (9). 

For chromatography, the TCA was removed from the cell extract by 
washing six times with ether, after which the extract was condensed to 
dryness under vacuum at 40° and redissolved in 2 ml. of 10 per cent iso- 
propyl alcohol. Each aliquot applied to the papers was equivalent to the 
extract from 7 to 10 mg. of dry cells. This amount allowed measurement 
of a maximal number of amino acids present in low concentration without 
impairing adequate separation of acids present in high concentration. The 
cell residue from the TCA extraction was hydrolyzed 24 hours with 6% 
HCI redistilled five times, to provide the protein hydrolysates which were 
chromatographed. The hydrochloric acid was removed from the bhy- 
drolysate by evaporation under vacuum and by holding the residue over 
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NaOH in a vacuum desiccator overnight. The residue was then dissolved 
in 10 per cent isopropyl alcohol. 

Two-dimensional, descending paper chromatograms were run, on What- 
man No. 4 paper usually, with either phenol‘-mesityl oxide® or phenolt- 
lutidine® as the solvents. The phenol-mesityl oxide solvent pair was used 
to separate most of the acids; the phenol-lutidine solvent pair was used to 
separate methionine sulfoxide and histidine. NH,OH (1 ml.) was added 
to the phenol cabinet to improve resolution. Chromatograms were equili- 
brated with each solvent a minimum of 4 hours, dried with forced air at 
room temperature for at least 16 hours after each solvent run, and the color 
was developed by spraying with 2 per cent ninhydrin in ethy] alcohol, after 
which the papers were kept in the dark at room temperature for 24 hours. 
The spots were cut out and weighed, and the color was eluted in 50 per cent 
ethanol in test-tubes and read in a spectrophotometer at 570 mp. Back- 
ground color was determined as optical density per mg. of filter paper. 
Two papers to which a known mixture of amino acids was applied were in- 
cluded with each chromatography run and used as standards to measure 
extract acids. Triplicate papers were run for each determination; the 
standard deviations of the measurements of the known compounds varied 
from 4 to 11 per cent for a single chromatography run, except in the case of 
a-aminobutyric acid and the leucines, for which the variation was greater. 
When more than one chromatography run was made, as in most cases, the 
standard deviation was considerably less. Since the tan-colored ninhydrin- 
asparagine reaction product could not be satisfactorily measured colori- 
metrically, measurements were made by the method of Fisher (10), in 
which the area of the spot is related to the log of the concentration. 


Results 


Cell division was inhibited in these experiments, as shown in Table I. 
The number of cells in treated cultures averaged about one-third that of the 
controls (7.e., division was stopped (1)). A comparison of the total culture 
weights shows that, although growth (7.e., total weight) was slightly re- 
duced in treated cultures (approximately 78 per cent of control), it was not 
inhibited completely, as was division; as a consequence, the average cell 
weight increased in treated cultures (approximately 225 per cent of con- 
trol). 

Major nitrogen fractions of the cells changed in a similar manner as a 


‘Water-saturated phenol containing 0.003 per cent 8-hydroxyquinoline. 

*Mesityl oxide, 25 per cent; water, 50 per cent; and 88 per cent formic acid, 25 
per cent. 

*Lutidine, 55 per cent; water, 25 per cent; isopropyl alcohol, 20 per cent; and 
diethylamine (0.6 ml. per 100 ml. of solvent mixture). 
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E. SPOERL AND R. CARLETON 
result of the three division-inhibiting treatments. Total nitrogen on a dry 
weight basis was slightly greater in division-inhibited cells than in control 
cells (Table I). On the same basis, acid-soluble nitrogen was less in treated 
cells. However, because treated cells had enlarged, there was an increased 
absolute amount of acid-soluble nitrogen per cell in treated cells. A 17 
per cent drop in acid-soluble nitrogen on a weight basis is equivalent to a 
66 per cent increase in absolute amount per cell when treated cells double 
insize. This difference in cell constituent changes in terms of culture dry 
weight versus individual cell values holds for all of the data presented in 
this report, though usually the difference is. greater than is illustrated above 
because treated cells increased to more than twice the size of control cells. 

Protein nitrogen increased as a percentage of total cell weight in treated 
cells. The average increase shown in Table I for x-irradiated cells is 18 
per cent, which corresponds to a 136 per cent increase per cell in cells 
double the control size. (The increase in protein nitrogen in treated cells 
balances closely with the increase in total nitrogen and the decrease in acid- 
soluble nitrogen; 7.e., total N = acid-soluble N + protein N in both con- 
trol and treated cells.) Total protein synthesis, in contrast to percentage 
cell content, was decreased in treated cells, as shown by the lesser amount 
of absolute protein nitrogen per culture (total culture weight xX per cent 
protein nitrogen per unit of weight). Other measurements on similarly 
grown and inhibited cells show that nucleic acids and lipides, whose nitro- 
gen content is included here in the fraction designated protein nitrogen, did 
not increase in amount as estimated by phosphorus content.? These ob- 
servations confirm the assumption made here that the nitrogen changes 
found were protein nitrogen changes. 

Changes which occurred in the measured free (7.e., acid-soluble) amino 
acids, amides, and glutathione in division-inhibited cells are presented in 
Table II. Absolute amounts of these compounds in control cells are also 
given. Differences exist between these absolute amounts and other meas- 
urements (11), most probably because of different cultural conditions. In 
general, the changes in these compounds were similar for the three inhibit- 
ing agents. The basic acids arginine, lysine, and histidine increased in 
amount or were equivalent to control amounts. Glutamic acid was rela- 
tively unaffected. Threonine, serine, and valine were greatly reduced 
in amount. Glutamine and asparagine also were markedly reduced in 
amount. These amide reductions are confirmed by decreases measured 
chemically and recorded in Table I. The arginine response to TEM simi- 
larly is confirmed by the data of Table I. Glutathione, it must be noted, 
also increased considerably in the division-inhibited cells. Other amino 
acids identified, but present in amounts too small to be measured ade- 


"To be published by Katchman et al. 
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TaBLeE II 
Amino Acid Changes in Yeast after Treatment with a-Radiation, x-Radiation, ang 
Triethylenemelamine 

Absolute control values are the means from eight separate growth runs, four each 
for x-ray experiments and TEM experiments; absolute values were not obtained jp 
a-ray experiments, except for histidine and methionine, when only two runs were 
made, and asparagine, four runs. Percentages for treated runs were obtained from 
individually treated culture-control culture pairs and averaged to give the values 
shown. In the x-ray experiments, two chromatogram determinations, each with 
triplicate papers, were made on the extracts from each of the four growth runs, ex. 
cept for histidine and methionine, for which only two growth runs were made, Ip 
the TEM experiments, one chromatography run with triplicate papers was made on 
each of the four growthruns. In the a-ray experiments, two to four chromatography 
runs, each with duplicate papers, were made on each of five growth runs. In the 
a-ray experiments, data from phenol-mesity] oxide and from phenol-lutidine papers 
were combined. 


| Treated, per cent of control + s.e. 
Control, y per mg. 


Compound | dry weight + s.e. ie 4 — 
a-Radiation x-Radiation TEM 
Alanine. . . 4.01 + 0.27} 58 43.8) 724 4.5) 79+ 5.5* 
a-Aminobutyric acid 0.32 + 0.04 51 + 2.8 
Arginine... 8.50 + 0.74 | 159 + 5.4] 110 + 6.3*| 124 + 1.19" 
Aspartic acid... 3.00 + 0.24); 664 5.5| 4994 3.7| 644 52 
Citrulline.. . 2.90 + 0.20 56 + 4.4 73 + 9.5* 116+ 4.8* 
Glutamic acid ; 9.62 + 0.42; 88 4+2.9| 102 + 4.1*| 104 + 8.4* 
Glycine.... .| 2.19 + 0.15 43 + 4.9 38 + 1.5 59 + 2.6 
Histidine 0.31 + 0.07 129 + 12.4* 
Leucines.. . 1.41 + 0.25 61+ 3.3| 464 3.6 64 + 14.6* 
Lysine 4.02 + 0.46 | 130 + 4.4 | 133 + 6.2) 1304+ 8.4 
Methioninet 1.50 + 0.32 544 1.6 
Ornithine 2.60 + 0.20; 7741.2} 794 4.5) 914 5.3* 
Serine. . 2.39 + 0.12 37 + 2.2 32+ 1.6 444+ 3.3 
Threonine 4.914 0.60) 2743.2! 274 0.3; 404+ 4.0 
Valine. 2.26 + 0.20 42 + 2.7 32 + 1.8 49+ 2.9 
Asparagine 13.00 + 2.02; 20 + 3.4 17+ 1.3 
Glutamine 13.85 + 0.25; 3143.5) 314 1.3; 364 2.4 
Glutathionet | 2.84 + 0.32 | 152 + 7.1] 187 + 5.1 | 148 + 17.4 
Unknown 1 249 + 46.5*| 108 4+ 7.7* 
- 2 83 + 5.7*| 121 4 9.8* 
“ 3.. 202 + 0.5 | 186 + 16.0 


* These values do not differ from the control at the 5 per cent level of significance, 
calculated either on the basis of percentage difference or absolute difference. All 
other means differ significantly from the control at the 5 per cent level. 

7 Measured as methionine sulfoxide. 

t Measured as reduced glutathione. 
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quately, were phenylalanine, proline, tryptophan, tyrosine, and cysteic 
acid. Aqueous cell extracts gave data very similar to those of TCA ex- 
tracts for ninhydrin-reactive compounds. Chromatograms of protein hy- 
drolysates from two x-ray runs showed serine to be present in increased 
amounts compared to the control. 

Because cultures started in the logarithmic phase of growth at 1.0 X 10’ 
cells per ml. may have grown out of this phase a short time before the 4 
hour treatment was completed, and because phosphorus analyses indicate 
that some cell constituents start to change in concentration under such 
conditions,’ four additional runs were made with cultures definitely in the 
logarithmic phase of growth during the entire treatment period. All com- 
pounds listed in Table IT except histidine, methionine, a-aminobutyric acid, 
and unknowns were compared. The x-ray treatment was started at a cell 
count of 0.6 X 10’ per ml.; the count after 4 hours was 4.4 X 10’ per ml. 
(range 3.8 to 4.7). In these runs, growth was reduced somewhat more 
than in the first experiments (dry weight = 71 per cent of control); total 
nitrogen (106 + 0.4 per cent) and protein nitrogen (111 + 2.4 per cent) 
increased as they had previously. 

With two exceptions, the differences between the data of these additional 
runs and the x-ray data recorded in Table II were not significant or barely 
so (based on overlapping of 95 per cent fiducial limits). Lysine, in the 
additional, strictly logarithmic runs decreased significantly (86 + 2.6 per 
cent of controls) upon irradiation, whereas in the cultures started at 1.0 
X 10’ cells per ml. (Table II) lysine had substantially increased upon 
irradiation (133 + 6.2 per cent of controls). The other difference between 
the data of Table II and those of the additional runs was in the absolute 
amount of alanine found. The amount observed in the additiona] runs 
was about 70 per cent of that recorded in Table II, but the response to 
irradiation was unchanged; 7.e., irradiation in both sets of runs decreased 
the amount of alanine when compared with that of the respective controls. 


DISCUSSION 

The changes observed in these experiments demonstrate that the divi- 
sion-inhibiting agents used had a profound effect upon amino acid metab- 
olism. The shifts in amino acid concentrations reflect the disturbance 
which occurred. Whether these changes caused the division inhibition or 
whether they resulted from an effect upon some other cell mechanism is yet 
tobe determined. Studies are in progress with labeled carbon in an effort 
to localize more specifically the point at which the interferences occur which 
result in changes such as were observed. 

The similarity in response of the amino acids to the three division-inhibit- 
ing agents suggests that similar cellular mechanisms were affected. How- 
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ever, it must be noted that there are differences between cell changes 
‘caused by TEM and those caused by radiation. These differences require 
more detailed study before it is demonstrated that the cells were affected 
similarly by the chemical and by the radiation. 

The observed proportionate increase in acid-insoluble nitrogen in diyi- 
sion-inhibited cells indicates that protein synthesis is a function which was 
less affected than other syntheses in the growth reduction produced jn 
these cells. That is, other metabolism must have been curtailed to a 
greater extent, since other cell constituents decreased to a greater extent. 
Protein synthesis has been reported to be unaffected in irradiated cells (12), 
but when growth (7.e., total weight) is reduced, as in these experiments, a 
direct comparison cannot be made. Because growth was inhibited, it js 
not yet clear whether the amino acid changes which were observed are 
involved in some specific way, such as specific protein synthesis, in the 
processes of division or whether they are involved in the accompanying 
growth reduction. 

The specific amino acid changes observed allow speculation along several 
lines. The increase or lack of reduction observed in amounts of basic 
amino acids suggests that these acids were not being used in a normal 
fashion. The decrease in glutamine and asparagine (13) suggests that per- 
haps an energy supply was interfered with; this lack could have been a 
factor in the reduced basic amino acid use. It is interesting that glutathi- 
one, usually considered to promote cell division (14), was present in these 
non-dividing cells in increased amounts. This condition may indicate that 
division was inhibited by radiation at a point other than that at which glu- 
tathione is normally required. The shift in the lysine response which was 
observed in cultures started at different points on their growth curve sug- 
gests a possible specific function for this acid in cell division. The large 
decrease in the amino acids serine, valine, and threonine marks a sharp 
alteration from normal which, as is also true of the other changes mentioned 
in this paragraph, is of primary importance as a guide to further study of 
the biochemistry and physiology of cell division. 


SUMMARY 


Growing yeast cells were treated with a-radiation, x-radiation, and 
triethylenemelamine to inhibit division of the cells so that they enlarged in 
size. Major nitrogen fractions of the division-inhibited cells were meas- 
ured chemically, and the free amino acids, amides, and glutathione of the 
cells were measured by paper chromatography. Increases in total nitro- 
gen and protein nitrogen (TCA-insoluble material) were observed in divi- 
sion-inhibited cells compared to control cells; decreases were observed in 
acid-soluble nitrogen, amino nitrogen, and, most markedly, in amide nitro- 
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gn. Amino acids were affected in different ways. Arginine, histidine, 
and lysine increased or were unchanged in amount in treated cells; glutamic 
acid was unchanged; valine, serine, and threonine decreased markedly in 
amount, as did asparagine and glutamine. When cultures were irradiated 
at a lower starting cell count, lysine decreased slightly in amount. Other 
amino acids decreased in amount in any irradiated cells. Glutathione in- 
creased in treated cells. Patterns of change caused by the three division- 
inhibiting agents were quite similar. 


The authors are especially indebted to Mrs. C. Lizardi for help in the 
statistical handling of the data and to O. J. Cummins for help in several of 
the analyses. 
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BLOOD LEVELS OF ABSORBED LABELED FAT AND 
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(From the Department of Biochemistry, Southwestern Medical School, The 
University of Texas, Dallas, Texas) 


(Received for publication, February 26, 1954) 


Several methods for the measurement of the rate of fat absorption are 
in general use. One of these, which involves chylomicron counts, has been 
used by a number of investigators (1-9) as an indication of the rate or 
pathways of fat absorption. Others (10-12) have criticized this method 
after unsatisfactory results with it and have proposed the use of other pro- 
cedures. 

Although Frazer and coworkers (3, 13) have reported a parallelism be- 
tween the curves from quantitative determinations of blood neutral fat 
and chylomicrographs, Moreton (14) suggests that chylomicronemia is a 
reflection of the actively absorbed fat only. Becker et al. (6) consider the 
counts to be a qualitative indication of the rate or pathway of fat absorp- 
tion. They reported and later confirmed (8) an accuracy of approximately 
15 per cent for the counting procedure, but stated that the “chylomicron 
counts are difficult and the method is subject to error’ even with special 
precautions. Nevertheless, it has been demonstrated by Fourman (5) and 
Tidwell (7) that, within a certain range, a proportionate relationship exists 
between the amount of ingested fat and the height of or the area under the 
chylomicron curve. 

If chylomicron counting could be standardized and established as a prac- 
tical and reliable estimate of the amount of absorbed fat in the blood, many 
advantages would be apparent over gravimetric or oxidative analyses of 
blood fat when such a relative measure would suffice. Not only is less time 
required, but also small volumes of blood are sufficient, an important con- 
sideration in serial determinations and studies involving small animals. 
Thus a comparison of the chylomicronemia with the radioactivity of the 
blood fat after the ingestion of C-labeled fat might give some information 
as to the usefulness of this method in the study of absorbed fat. 


EXPERIMENTAL 
Male rats, 6 to 8 weeks old, of the Sprague-Dawley strain, were used in 
this study. Water and a 5 per cent glucose solution were supplied ad lib- 


* This investigation was supported in part by a research grant from the Atlas 
Powder Company. 
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itum during the 48 hours preceding the test. After the conditioning period, 
blood was taken for chylomicron counts. Each rat was then given by 
tube 0.3 ml. of lipide (1.3 per cent palmitic acid-1-C" in olive oil’) per sq. 
dm. of body surface (15). The rat was placed immediately in a modified 
all-glass metabolism cage (Roth et al. (16)), through which air was passed 
at the rate of about 500 ml. per minute. At the end of each hour blood 
samples were drawn from the rat’s tail to be mounted on planchets, con- 
verted to CO. by wet oxidation, or used for chylomicron counting.  Fi- 
nally, with the rat under light anesthesia, as much blood as possible was 
collected by heart puncture. Two of these samples were taken 4 hours 
after administration of the labeled fat and one after 2 hours. About 4 ml, 
of blood were extracted three times with Bloor’s mixture and similarly with 
ether in order to determine how much of the total radioactivity in the blood 
was due to the labeled fat. 


Methods 


Blood Samples for Chylomicron Counts—Blood from the rat’s tail was 
drawn into two Thoma white cell pipettes and diluted 1:20 with 40 per 
cent urea. The pipettes were shaken for 1 minute, and duplicate slides 
were prepared from each dilution. (For routine work, it has been found 
satisfactory to prepare duplicate slides from only one dilution of whole 
blood.) 1 drop on a glass slide was spread with and pressed down gently 
under a cover-slip and sealed with castor oil. An eyepiece micrometer (5 
mm. square ruled in 100 small squares) in a standard microscope defined 
the fields to be observed under oil immersion with dark-field illumination. 
A plane of maximal density of particles showing Brownian movement was 
selected and the focus held constant for the entire count. Since the thick- 
ness of the solution is always much greater than that of the observed plane, 
variations in the depth of the liquid between the cover-slip and slide do not 
affect the chylomicron count. This is evidenced by the close agreement of 
counts from duplicate slides prepared from one sample. All moving par- 
ticles in four fields were counted on each of four slides, and the average 
number of particles per field on each slide was corrected for dilution. The 
number of particles in fifteen squares was calculated, and the mean of all 
these values from the four slides of a given sample is the ‘chylomicron 
count.” Doubtful values were rejected according to the criterion of Kolt- 
hoff and Sandell (17). The area is that under the curve in the 1 to 4 hour 
interval when the counts are plotted against time. 

Cleaning Glassware—Because of the tendency of chylomicrons to clump 
around foreign matter, care must be taken to use only very clean glassware. 


1 Palmitic acid-1-C' (1 mc. per mm) was obtained from Tracerlab, Inc., Boston, 
Massachusetts. 
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Slides and cover-slips were washed with a warm detergent solution, rinsed, 
and placed in sulfuric acid-dichromate cleaning solution for 3 to 5 minutes. 
Subsequently, the wet glassware was handled with forceps only. It was 
rinsed in tap water and distilled water and placed on racks in a warm oven 
to dry. To prevent accumulation of dust, the glassware was cleaned 
shortly before use. Dilution pipettes were rinsed in clean water immedi- 
ately after use, allowed to stand in concentrated nitric acid for several 
hours, rinsed thoroughly, and dried. 

Determination of Radioactivity—The blood was diluted 1:1 with a heparin 
solution (0.8 mg. per ml.) in normal saline. 2 drops were placed on an 
aluminum planchet, a piece of lens paper cut to the shape of the planchet 
was placed over the blood, and the blood distributed uniformly throughout 
the paper. The planchets had been previously weighed with the lens tissue. 
Similar sample mounting has been described for fatty acids (18). The 
preparation was allowed to dry in the air, desiccated in vacuo over Drierite, 
and weighed. A minimum of three planchets was prepared from each 
blood sample. 

Since the directly mounted blood samples varied a few mg. in dry weight, 
their activities were corrected to a uniform weight of 9 mg., or a thickness 
of 1.74 mg. per sq. cm. ‘To do this, a series of planchets of various blood 
weights was prepared from the 4th hour blood of one rat. The activities 
of these samples were determined and plotted, and all self-absorption 
corrections were made on the basis of this curve. The principle of this 
graphical method has been described (19). 

A satisfactory degree of reproducibility in measuring activity was ob- 
tained with this mounting procedure. With one exception, all significant 
values were within 6.5 per cent of the average for the sample. Of thirty- 
eight values used, over 70 per cent were within 3 per cent of their respective 
means. 

As a verification of the direct plating method for obtaining blood radio- 
activity, diluted blood samples were wet oxidized to CO. with a modified 
Van Slyke-Folch (20) oxidizing mixture. The carbonate was precipitated 
as BaCO; and its activity determined on mounts of infinite thickness. 
Samples of the administered fat, the extracted blood lipides, and the fat- 
free blood residues were similarly treated. All samples were counted 
either with a thin window (1.4 mg. per sq. em.) Geiger-Miiller tube or with 
a windowless gas flow counter. When the gas flow counter was used, 
samples were covered with aluminum foil (about 1.5 mg. per sq. em.) to 
improve counting reproducibility (21). All values were corrected to an 
equivalent count for the thin window counter. 

When radioassays were performed on BaCO;, samples were of infinite 
thickness and 5.16 sq. cm. in area, or corrected to these conditions. Spe- 
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cific activity is defined here as the calculated counts per minute per mg. of 
material oxidized. The specific activity calculated was the (observed 
counts per minute corrected for blank and background) X (mg. of BaCo,) 
+ (mg. of sample). The total activity in a fraction is the product of the 
specific activity and the weight of the fraction in mg. 


RESULTS AND DISCUSSION 


A method for counting chylomicrons of the blood has been presented in 
sufficient detail to permit others to follow the procedure. It seemed worth 
while to describe more precisely this useful technique which incorporates 


TABLE | 
Radioactivities of Administered Fatty Acid, and Lipide and Combined 
Fractions of Blood 


Activity per ml. blood* 


Rat No. Animal weight) Lipide fed | Total activity (~D we er 
activity in recovered ACHVEY 
lipide activityt in lipide 
gm. mg. c.p.m. X 10 c.p.m. X 104 | c.p.m. XK 104 per ceni 
2 246 978 9.36 t 
3 190 822 7.87 t 
4 176 786 6.71 15.4 16.4 94 
5 219 905 7.73 4.96 5.39 92 
6 230 941 8.04 4.60 $.86 95 


* The blood was drawn 4 hours after fat administration; in the case of Rat 5 the 
interval was only 2 hours. 


{t The total recovered activity from 1 ml. of blood was the sum of that of the 
blood lipide and the residue after the lipide extraction. 
t An insufficient amount of blood was obtained for fat extraction. 


some suggestions of other investigators. This procedure, in our hands, is 
not difficult and gives more consistent results than those reported by 
Necheles et al. (6, 8). In this series involving particle counts on forty- 
eight slides from twelve samples of blood, the percentage deviations from 
their averages of each group of four of these counts were calculated. The 
mean of the deviations for all groups was 2.9 per cent, with a range of 0 to 
10 per cent. 

In Table I the total activities of the fatty acids in the administered fat 
are given, and the radioactivity of the lipide recovered from 1 ml. of blood 
is compared with that of the combined fractions of the same quantity of 
blood. The combined fractions include the recovered blood lipide and the 
residue after the lipide extraction. It is evident that more than 90 per 
cent of the total activity of the blood was present in the blood lipide. Thus 
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the relative changes in the level of the absorbed fat may be followed by 
determining the activity of the whole blood. 

This procedure was employed for the hourly blood samples on which 
chylomicron counts had been made. These values are represented graph- 
ically in Fig. 1; the activities of the whole blood are measured directly and 
after conversion to BaCQ;. The similarity of the curves from all three 
determinations suggests a direct relationship between the chylomicron 
counts and the absorbed fat as measured by the activity of the blood. 


Borgstrém (22) observed that “the free fatty acids fed have been absorbed 
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Fig. 1. Increase in chylomicron count and in blood radioactivity, as measured 
by direct and indirect methods. &, chylomicron counts per fifteen squares; O, 
blood directly mounted; @, blood counted as BaCO; (specific activity based on 1 
mg. of dried blood) + 5. 


more rapidly than the bulk of the glycerides [in which the acids were dis- 
solved] during the first hours of absorption.” In the present study, the 
activities of the labeled fatty acids in the blood appeared to parallel the 
changes in blood lipides, as indicated by the chylomicron counts (Fig. 1). 
The radioactivities and chylomicrons were both low at the end of the Ist 
hour and at their highest observed levels after 4 hours. 

Several investigators (1, 2, 7) have used the area under the chylomicro- 
graph as a convenient relative measure of the amount of absorbed fat in 
the blood and of the rate of the various processes involved. The simi- 
larity of the curves obtained from the chylomicron counts to those from the 
changes in the level of absorbed fat as determined by the activity of the 
blood lipide suggested a comparison of the areas under these curves. In 
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Table II, the areas of the various pairs of curves are compared and found 
to be in fairly constant ratio. Hence it appears that the same processes 
are being measured by these methods and that the chylomicron counts do 
permit an estimate of the fraction of dietary fat absorbed, thus providing a 
relative index of fat absorption. 

Some additional unreported evidence appears to support the contention 
that the chylomicron count is a relative measure of only the absorbed fat, 
If the total activity of the blood lipides represents the fat that has been 
absorbed, an approximation of the amount of absorbed fat per unit volume 
of blood may be calculated. A direct relationship appears to exist between 
this calculated absorbed blood fat and the chylomicron counts. The lipide 
levels of the blood in Rats 4, 5, and 6 were approximately the same, 


TaBLeE II 


Comparison of Areas under Curves in Fig. 1 


Area under curve Ratios of areas under curves 
Rat No. : ns 
Chylomicron Blood activity, | Blood activity, { { 
counts direct* indirectt 1 = 
B Cc 
(A) (B) (C) 
2 365 258 173 1.41 2.11 
3 222 169 121 1.31 1.83 
4 374 215 187 1.74 2.00 


* Direct activity of blood from planchets. 
7 Indirect activity of blood after wet combustion to BaCOs. 


while the calculated amounts of absorbed fat varied from 7 to 25 per cent 
of the total lipides. 

These results are not in accord with the finding (13) that blood fat anal- 
yses show a parallelism between the neutral fat content of blood and par- 
ticle counts. The chylomicron counts measure the small changes in the 
amount of absorbed fat and not total neutral fat, if only 7 to 25 per cent 
of the total blood lipides can be attributed to absorbed fat. The absorbed 
fat, however, is largely neutral fat, and changes in chylomicron counts are 
therefore due to variations in part of the total neutral fat fraction. Our 
results do confirm the observations of Moreton that the increase of chylo- 
microns during alimentary lipemia is the result of the active absorption 
of fat. 


SUMMARY 


The technique, significance, and practicality of chylomicron counting for 
following the appearance in the blood of absorbed dietary fat have been 
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investigated by employing a standardized procedure for the counts and 
comparing them with the blood levels of absorbed fat containing palmitic 
acid-1-C™. 

More than 90 per cent of the total activity of the blood after the ingestion 
of the labeled fat was found to be present in the blood lipides. The changes 
in the absorbed fat, as measured by the activities of the blood lipides, were 
reflected in the chylomicron counts on the blood samples collected at vari- 
The similarity of the curves from 
the determinations by these two methods, as well as the fairly constant 


ous intervals after the fat ingestion. 


ratio of the areas under the curves, suggests that the same function is 
being measured. 

Thus, the chylomicron counts and the areas under the curves from them 
may be used as a satisfactory relative measure of the changing blood levels 
of absorbed fat, not total fat, and as a possible means of following the 
active process of fat absorption. 
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A SPECIFIC ENZYMATIC MICROMETHOD FOR THE 
DETERMINATION OF ACETATE* 


By R. W. VON KORFFT 


(From the Department of Pediatrics, Heart Hospital Research Laboratory, University 
of Minnesota, Minneapolis, Minnesota) 


(Received for publication, March 17, 1954) 


A specific procedure was required for the determination of acetate formed 
during the oxidation of pyruvate by heart muscle mitochondria.! Methods 
heretofore available lack specificity, are laborious, or are not sufficiently 
sensitive for the estimation of as little as 3 y of acetic acid. 

The coupled enzyme system acetate-activating enzyme,’ malic dehydro- 
genase, and condensing enzyme (1), previously used for the assay of AAE 
(2) by measurement of the rate of DPNH formation, was considered as a 
possible specific procedure for the determination of acetate. Previous 
studies (2) had shown that only acetate and propionate are converted to 
the corresponding acyl coenzyme A compounds by AAE. Since propionyl 
CoA cannot react with oxalacetate to form citrate in this system, a high 
degree of specificity is already inherent in the method. 

Sodium ions inhibit owing to the action on AAE (4) and pyruvate in- 
hibits because of the presence of traces of lactic dehydrogenase in the en- 
zyme preparation used for the assay. The use of a rapid and quantitative 
vacuum distillation procedure (5) for volatile acids allows removal of these 
substances from the sample to be analyzed. 

This paper describes the procedure adopted for the determination of 
microgram quantities of acetic acid. Formate, propionate, butyrate, ace- 
toacetate, and fluoroacetate are neither active nor inhibitory in the assay. 
Moreover, a simple extract of mitochondria of rabbit heart muscle contains 
a sufficient concentration of all necessary enzymes to permit analyses to be 
performed with 100 y or less of protein per tube. 


* Supported by a grant from the American Heart Association, New York. 

t This work was completed during the tenure as a Research Fellow of the American 
Heart Association. 

‘Von Korff, R. W., and Macpherson, E. H., in preparation. 

* AAE, acetate-activating enzyme; DPN, diphosphopyridine nucleotide; DPNH, 
reduced DPN; CoA, coenzyme A; GSH, glutathione; Tris, tris(hydroxymethy])- 
aminomethane; ATP, adenosinetriphosphate. 

*A similar procedure has been employed by Tabor et al. (3) for the determination 
of synthetic acetyl CoA. In that case, however, ‘an activation of acetate is not re- 
quired for the assay and AAE is not an essential part of the system. 
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Materials and Methods 


CoA, DPN, and ATP were obtained from the Pabst Laboratories. For. 
mic acid was obtained from the Eastman Kodak Company and was used 
without further purification. Purified samples of propionate and butyrate 
were kindly supplied by Dr. Victor Lorber and purified fluoroacetate by 
Dr. Nathan Lifson. The value of 6.22 & 10° (sq. cm. X mole) (6) was 
used as the molar extinction coefficient for DPNH. 

Preparation of Enzymes—Rabbit heart ventricle (10 gm.) is homogenized 
in 100 ml. of 0.25 m sucrose in a Potter-Elvehjem homogenizer. The 
homogenate is centrifuged at 600 X g for 10 minutes and the supernatant 
fluid recentrifuged at 8500 X g for 10 minutes to recover the mitochondria, 
The latter are washed once with 0.16 m Tris, pH 7.4, and recentrifuged, 
The mitochondria are then suspended in 4 to 5 ml. of 0.02 m Tris, pH 7.4, 
and frozen and thawed at least twice over a period of 24 hours. The 
supernatant fluid, after centrifugation, is saved. The residue is again taken 
up in 2 to 3 ml. of Tris and subjected to freezing and thawing. The 
supernatant fluid from this second treatment contains much less protein 
and is usually a more satisfactory enzyme for acetate assay than is the 
supernatant fluid from the first treatment. The latter frequently appears 
to contain an inhibitor and fails to be sensitive to small amounts of acetate 
unless diluted several fold. The enzyme preparation contains sufficient 
AAE, malic dehydrogenase, and condensing enzyme for use in the estima- 
tion of acetate. It is stable for at least a week if kept frozen at —20°. 

Distillation of Volatile Acids—A slight modification of the volatile acid 
procedure described by Bartley (5) is satisfactory for recovery of volatile 
acids from the sample to be analyzed. Removal of pyruvate and sodium 
ions is necessary, and removal of other extraneous salts is desirable. Bart- 
ley’s procedure is modified as follows: (1) Silver sulfate may be used in 
place of silver perchlorate. (2) The 2,4-dinitrophenylhydrazine should be 
recrystallized from n-butanol (7). Some preparations have been found to 
contain a volatile yellow impurity which absorbs light at 340 mu. (3) 0.5 
ml. of solution is distilled. When a smaller aliquot is used, sufficient water 
is added to bring the volume to 0.5 ml. The sample should contain at least 
0.1 um of acetic acid per ml. so that 3 y or more of acetic acid will be pres- 
ent in the aliquot analyzed. (4) Granular sodium sulfate should be used, 
and a blank should be run on the sodium sulfate. We have found several 
lots of analytical reagent sulfate which contained 0.0003 per cent of acetate. 
(5) Only 0.5 ml. of water is introduced into the distillation tube as a trap 
for volatile acids. Indicator is not added. (6) The distillate is quanti- 
tatively transferred to a 2.0 ml. volumetric flask by means of a pipette and 
diluted to the mark with small amounts of water used for washing out the 
Thunberg tube. Sufficient sample is thus obtained for duplicate en- 
zymatic assays if so desired. 
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Enzymatic Analysis for Acetate—All acidic components are neutralized 
to pH 6.5 with KOH. The reaction mixture is prepared as follows: GSH, 
0.2 m, 0.05 ml.; CoA (70 to 80 per cent purity), 1 mg. per ml., 0.1 ml.; Tris 
buffer, M, pH 9.5, 0.05 ml.; malate, 0.2 m, 0.05 ml.; DPN, 1 per cent solu- 
tion, 0.05 ml.; dipotassium ATP, 0.04 m, 0.05 ml.; MgClo, 0.06 m, 0.10 ml.; 
sample and water to give a volume of 1.46 ml. The reaction is started by 
addition of 0.04 ml. of the enzyme preparation. After thorough mixing 
the samples are incubated for 30 minutes at 37°. Standard acetate sam- 


TABLE I 
Relationship of Acetate Added to DPNH Formed in Acetate Assay 








Days.after preparing | Acetate added A log 7? at 340 ma Aegate adit a) 

pM 

1 0.05 0.075 0.85 
0.10 0.163 0.92 
0.20 0.297 0.85 

| 0.05 0.064 0.73 
0.10 0.131 0.74 
0.20 0.291 0.83 
0.40 0.592 0.84 

3 0.05 0.055 0.62 
0.10 0.142 0.81 
0.20 0.285 0.81 
0.40 0.540 0.77 

4 0.05 0.050 0.57 
0.10 0.117 0.66 
0.20 0.261 0.74 
0.40 0.541 0.77 

rf 0.05 0.054 0.61 
0.10 0.106 0.60 
0.20 0.255 0.73 
0.40 0.524 0.74 
0.60 | 0.838 0.79 


ples serve as an internal standard; generally, it has been found satisfac- 
tory to use a series containing 0.0, 0.05, 0.10, 0.20, and 0.40 uM of acetate. 
After incubation the samples are diluted with 2.0 ml. of 0.5 m phosphate 
buffer, pH 7.5. The optical density at 340 my is measured against the 
zero acetate blank in the Beckman spectrophotometer with cells of 1.0 cm. 
light path. 


RESULTS AND DISCUSSION 


Standardizations and Proportionality of DPN Reduced to Acetate Added— 
Typical standardization values are shown in Table I. Freshly prepared 
enzyme generally yields a more linear reaction with acetate concentration 
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than does enzyme which has been frozen and thawed repeatedly with use 
The amount of DPNH formed per micromole of acetate declines mor 
rapidly at the lower acetate concentrations as the enzyme ages. With 


TABLE II 
Non-Interference of Other Volatile Acids in Acetate Assay 
Samples not distilled prior to the analysis. 


- 


Series Acid and amount added A log * at 340 mp 
A Acetate 0.20 um 0.260 
Formate 2.0 “ —0.015 
Propionate 2.0 uM 0.000 
Butyrate 2.0 um —0.004 

B Acetate 0.20 “ 0.294, 0.290 
0.20 ‘* + formate 2.0 um 0.285 
0.20 ‘* + propionate 2.0 um 0.291 
0.20 ‘* + butyrate 2.0 um 0.286 
C-1 Fluoroacetate 1.0 um —0.005 
: ie 0.012 
Acetate 0.20 um 0.220 
0.20 ‘* + fluoroacetate 1.0 um 0.235 
0.20 “ + ~ i 0.243 

C-2 3 0.20 “ 0.246, 0.251 
0.20 ‘* + fluoroacetate 2.0 um 0.232 
D . 0.05 “ 0.042 
6s 2 * 0.112 
0.2) * 0.251 
Acetoacetate 0.50 um —0.003 
” 1.0 um 0.000 
. la 0.015 
e 4.0 * 0.037 
E-1 Acetate 0.20 um 0.250 
sea 0.20 ‘* + pyruvate 0.05 um 0.198 
- 0.20 * + = 0.10 * 0.184 
0.20 * + ” 0.20 ‘‘ 0.149 
I-2 wi 0.20 ‘* 0.220 
0.20 ‘* + pyruvate 0.10 um 0.126 
0.20 ** + om * 0.064 


freshly prepared enzyme, the stoichiometry of DPNH formed to acetate 
added may be as high as 80 to 90 per cent of theory, declining slowly to 60 
to 80 per cent of theory. These changes are also illustrated by the data 
of Table I, 

Non-Interference by Other Volatile Acids —The complete freedom of inter- 
ference in the procedure by other volatile acids is shown by the data of 
Table II. For comparison the inhibition due to pyruvate is illustrated in 
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the experiments of Series E. This inhibition does not offer any difficulty 
when the distillation procedure is included as a routine unless the sample 
distilled contains more than 2 um of pyruvate. The use of a smaller aliquot 
may then be necessary. 

The small amount of DPNH formed at high concentrations of acetoace- 
tate may be due to traces of acetate in the sample or to a very slight re- 
activity of acetoacetate in the system. 

Recovery of Added Acetate in Distillation Procedure—The recovery of 
small amounts of acetate alone or in the presence of pyruvate is illustrated 


Taste III 
Recovery of Acetate by Volatile Acid Distillation Procedure 


, ree sas Fraction of noe 
Series Acetate distilled distillate analyzed Acetate recovered 


uM 
A | 0.10 um 0.45 0.11 
0.25 “ 0.45 0.22 
0.50 *“‘ 0.25 0.45 
ew 0.25 1.05 
B /|1.00 ‘ 0.25 0.90 
1.00 ‘* + pyruvate 0.5 um 0.25 0.98 
1.00 ** + Fe Le * 0.25 0.88 
0.00 “© + 5 a 0.45 0.00 
Cc | 1.00 “ 0.25 0.90 
| 2.00 *“ 0.125 1.85 
0.00 “ + acetoacetate 5.0 um 0.25 0.02 
0.00 * + - 10.0 um 0.25 0.03 
» (248 * 0.25 0.99 
2.00 ‘‘ 0.125 1.99 
| 1.00 “* + acetoacetate 2.0 um 0.25 0.99 

| 1.00 


“+ ain ii 0.25 0.99 





by the data of Table III. The lack of any appreciable interference by 
acetoacetate following the distillation procedure is also indicated. 


SUMMARY 


An enzymatic micromethod for the determination of acetate is described. 
The procedure involves spectrophotometric measurement of the amount 
of DPNH formed in a coupled reaction of acetate-activating enzyme, 
malic dehydrogenase, and condensing enzyme. Of the substances tested, 
only pyruvate and sodium ions interfere. A simple volatile acid distilla- 
tion obviates interference by these substances. 


The assistance of Mrs. E. H. Macpherson in performing many of the 
analyses is gratefully acknowledged. 
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THE EFFECT OF PENTACHLOROPHENOL ON OXIDATIVE 
PHOSPHORYLATION 


By KUGENE C. WEINBACH 
(From the Laboratory of Tropical Diseases, National Microbiological Institute, 
National Instiiutes of Health, Bethesda, Maryland) 


(Received for publication, April 5, 1954) 


Since pentachlorophenol is used widely, not only as a powerful mollusca- 
cide, but also in a variety of industries to suppress the growth of undesir- 
able microorganisms, the mechanism of its toxicity to vertebrates merits 
investigation. , 

Loomis (1) found that the di- and trihalophenols inhibit the coupling 
between phosphorylation and oxidation in rat tissues. Other studies (2) 
suggested that these compounds block cleavage of fertilized eggs of Ar- 
bacia by interfering with the formation and transfer of high energy phos- 
phate. By analogy to the trihalophenols it might be anticipated that 
pentachlorophenol would affect adversely oxidative phosphorylation. 
However, trinitrophenol, while analogous in structure to the potent un- 
coupling agent, dinitrophenol, had no effect upon oxidative phosphorylation 
in rat tissues.' Thus, it seemed necessary to study experimentally the 
effect of PCP? on phosphorylation coupled to respiration. This report 
summarizes the data concerning such studies and shows that PCP prevents 
the uptake of inorganic phosphate during the oxidation of a-ketoglutarate 
by rat liver mitochondria. 


EXPERIMENTAL 


The mitochondria were prepared from rat liver in isotonic (0.25 m) 
sucrose, essentially by the procedure described by Schneider (4); resuspen- 
sion and recentrifugation of the nuclear fraction were omitted. The mito- 
chondria were washed once in a volume of cold isotonic sucrose equal to 
twice the original tissue weight, and the final suspension was made in an 
equal volume of the same medium. All operations (except centrifugation 
in the International refrigerated centrifuge) were conducted as quickly as 
possible in a cold room at 5°, with all tubes chilled in ice. The nitrogen 


content of the mitochondria was determined by a micro-Kjeldahl pro- 
cedure. 


‘Unpublished data of E. C. Weinbach (cf. (2, 3)). 

? The following abbreviations are used: PCP = pentachlorophenol, DNP = 2,4- 
dinitrophenol, ATP and ADP = adenosinetri- and adenosinediphosphate, respec- 
tively, KG = a-ketoglutaric acid. 
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The majority of the experiments were performed with a-ketoglutarate as 
substrate with the use essentially of the phosphorylation system of Copen- 
haver and Lardy (5). There were also a few experiments with 6-hydroxy. 
butyrate as substrate (6). 

ATPase activity was measured (7, 8) in small test-tubes that were 
shaken manually several times during the incubation period. 

Hexokinase was prepared by the procedure of Berger, Slein, Colowick, 
and Cori (9) through Step 3a. Stock solutions in 1 per cent glucose were 
kept frozen in small vials until needed. 

The barium salts of ATP and ADP, as well as cytochrome c, a-ketoglu- 
taric acid, dl-8-hydroxybutyric and malonic acids, glycylglycine, and penta- 
chlorophenol, were high grade commercial products. Their identity was 
determined by appropriate tests. Solutions of the potassium salts of ATP 
and ADP were prepared by treating solutions of the barium salts in 0.1 y 
HCl with a slight excess of NasSO, and removing the BaSO, which was 
washed. The supernatant solution was adjusted to pH 7.4 with KOH and 
kept frozen in small vials until needed. Solutions of the other reagents, 
when required, were adjusted to pH 7.4 before addition to the incubation 
mixture. 

Inorganic phosphate was determined (10) on aliquots of the reaction 
mixture after deproteinization with cold trichloroacetic acid. The net 
uptake of phosphate was calculated from the differences between the in- 
organic phosphate content of the experimental reaction mixtures and the 
corresponding zero time values. 

The net consumption of a-ketoglutaric acid as determined by analysis 
(11) was calculated from the differences in content found between the 
various experimental mixtures and corresponding zero time assays. 

Oxygen consumption was measured in the Warburg apparatus with air 
as gas phase. The readings were started 8 minutes after the chilled flasks 
were placed in the bath, at which time the zero time flasks were removed. 


Results 


Table I summarizes the data reflecting the effect of various concentra- 
tions of PCP upon the uptake of inorganic phosphate associated with the 
one-step oxidation of a-ketoglutarate to succinate. In these experiments 
no attempt was made to obtain maximal P:O ratios, nor were corrections 
introduced for phosphate “leaks,” as these refinements were not considered 
necessary for the present study. The data show clearly that at low con- 
centrations of PCP there was marked suppression of the phosphate up- 
take while oxidation was relatively unaffected. At concentrations of 1 X 
10 m, PCP usually caused a slight inhibition of the oxygen uptake, while 
at the lower concentrations a definite stimulation occurred. These varia- 
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tions of oxygen consumption under the influence of PCP were paralleled 
by changes in the utilization of ketoglutarate, thus maintaining a uniform 
0:KG ratio. This ratio approached unity, indicative of a successful block 
of succinate oxidation by malonate. Usually there was a slight uptake of 
inorganic phosphate in PCP concentration ranges of 1 X 10 to 1 x 10-° 
u; however, in several experiments there was no net uptake whatsoever, 
and an increase in inorganic phosphate above the zero time level has been 
observed. At PCP concentrations of 10-* m and higher, oxidation as well 
as phosphorylation was abolished completely. The uncoupling action of 
PCP is not to be attributed to inhibition of hexokinase, for PCP in concen- 


TABLE I 
Effect of PCP on Phosphorylation Associated with Oxidation of 
a-Ketoglutarate to Succinate 

Each flask contained in the main compartment 1.3 X 10-2 M potassium phosphate, 
pH 7.4, 2 X 10-?m ATP, 1.2 X 10-§ m cytochrome c, 7.5 X 10™* M MgSOQ,, 6.7 X 107% 
Ma-ketoglutarate, 1 X 10-? M malonate, 1 X 10-? M fluoride, and 0.5 ml. of mitochon- 
dria. Each side arm contained 1.6 X 10-2 m glucose and 0.1 ml. of hexokinase. Fi- 
nal volume made up to 3.0 ml. with 0.15 mM KCl. Average N per flask, 1.3 mg. Incu- 
bation period, 20 minutes; temperature, 30°. The figures are averages of at least 
six experiments for each case, with ranges indicated in parentheses. 


: J 
Incubation system AP aso | AKG | P:O O:KG 


— - = 
y ox | lowe | om 
Control —11.3 | 4.0 4.7 | 2.8 (2.0-3.3) | 0.8 (0.7-1.1) 
De 2 —1.2] 3.5 4.3 | 0.3 (00.5) 0.8 (0.7-1.0) 
Lh & pa | =—La] £6 6.0 | 0.3 (00.6) | 0.8 (0.7-1.0) 
a a ee os ve —9.1} 6.1 | 6.7 1.5 (1.3-1.8) | 0.9 (0.8-1.2) 
| | 





trations up to 10-* m had no effect upon the hexokinase reaction when 
studied independently. 

A few experiments with 6-hydroxybutyrate as substrate confirmed the 
uncoupling action of PCP. When Lehninger and Smith’s incubation mix- 
ture (6), supplemented with the addition of hexokinase and glucose, was 
used to follow phosphorylation coupled to 8-hydroxybutyrate oxidation, 
there was a rapid drop in the phosphate level in the control flasks, owing to 
lower initial levels of inorganic phosphate and more efficient phosphoryla- 
tion of the ADP added as phosphate acceptor in these experiments. Such 
a mixture quickly became phosphate-deficient accompanied by a decline of 
oxygen consumption in the control flasks. In the flasks containing PCP 
the oxygen consumption as well as inorganic phosphate remained at a 

*PCP in high concentrations (1 X 10-2 Mm) completely inhibited the succinoxidase 
and cytochrome c oxidase activity of rat liver mitochondria. 
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higher level; the net effect was a marked “stimulation” of the oxidation by 
PCP. , 

In view of the known action of DNP to evoke the ATPase‘ activity of 
fresh mitochondria (8, 12), it was of interest to determine whether PCP hag 
a similar action. These data are summarized in Table IT. Confirming the 
findings of Kielley and Kielley (13), we found carefully prepared fresh 
mitochondria to have little ATPase activity. In the absence of activating 
‘ations such as Ca** and Mg*", there was no significant ATPase activity. 
In such preparations the presence of PCP in low concentrations caused a 
marked release of phosphate from ATP. The effect was maximal at PCP 
concentrations of 5 X 10-°m. At either extreme of high (5 X 107 m) o 


TABLE II 
Effect of PCP on Phosphate Release from ATP 
Each tube contained 4 X 10-? m glyeylglycine buffer, pH 7.4, 4 X 10-3 m ATP, 02 
ml. of mitochondria plus other components as indicated, and sufficient isotonic su. 
crose to make a final volume of 1.0 ml. Average N per flask, 0.6 mg. Incubation 
period, 15 minutes; temperature, 30°. The figures are averages of at least five ex. 
periments for each case, with ranges indicated in parentheses. 











A P, um 
Incubation system aaa 
No addition 1.5 X 107? m NaF added 
a = = s —a 
Contrdl.......5... 0 
rr, ox w.. 1.7 (1.3-1.9) 1.3 (1.2-1.4) 
ee es 3.2 (2.43.8) 2.3 (2.0-2.5) 
ae Soe 2.9 (2.5-3.6) 1.4 (1.2-1.6) 





low (5 X 10-7 m) concentrations, the effect of PCP was greatly dimin- 
ished. Under strictly anaerobic conditions (experiments conducted in 5 
ml. Warburg flasks in an atmosphere of pure N2) essentially the same stimv- 
lating effect of PCP upon ATPase was observed. 

As detailed in Table II, fluoride, 1.5  10-? m, diminished somewhat the 
ATPase stimulation by PCP. This suppressing effect of fluoride was quite 
marked at the lower concentration (5 X 10-®m) of PCP. The addition of 
MgCh, 5 X 10-* M, to the control incubation mixture caused a slight, but 
definite, release of phosphate from ATP (0.45 um per mg. of N per 15 min- 
utes). This liberation of phosphate was not additive to that evoked by 
PCP; usually the stimulating effect of PCP was diminished slightly in the 
presence of Mg**. Similar effects had been observed with DNP (8). 

4 ATPase is used here to designate the enzyme (or enzymes) in the mitochondrial 


preparations which split inorganic phosphate from added ATP. 
55 X 10-?m PCP rendered the mitochondria soluble. 
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Pentachlorophenol had no effect on the release of phosphate from ATF 
in the absence of mitochondria and caused no release of phosphate from 
mitochondria in the absence of added ATP. 


DISCUSSION 


The results presented in this paper on the effects of PCP upon oxidative 
phosphorylation in rat liver mitochondria support the hypothesis that this 
compound is a potent uncoupling agent. Although PCP resembles DNP 
in its stimulation of respiration while dissociating phosphate uptake, the 
increase in oxygen consumption is not as marked as usually observed with 
DNP. It is pertinent to this discussion that PCP increases the respiration 
of living snails (14), and a similar effect upon laboratory animals has been 
reported (15). A striking similarity of PCP to DNP is its acceleration of 
ATP breakdown in fresh mitochondrial preparations. As discussed by 
Hunter (12), it is not known whether this action is owing to an activation of 
ATPase, per se, or to an alteration in the permeability of mitochondria. 
The results of a few experiments with the specific ATPase prepared from 
disintegrated mitochondria (16) suggested that, in the case of PCP, per- 
meability may be the more important factor. Not only did PCP fail to 
enhance the activity of such a system, but, with concentrations of 5 xX 
10 m and higher, appreciable inhibition was observed. 

The uncoupling effects of PCP upon oxidative phosphorylation provide 
at least a partial explanation of the toxic characteristics of this compound. 
It would be anticipated that interference with the generation and transfer 
of energy-rich phosphate would result in eventual damage to the cell, es- 
pecially if alternative energetic processes were not available. This does 
not imply that all uncoupling agents are necessarily toxic; indeed, Aureo- 
mycin, which has been shown to uncouple oxidative phosphorylation in rat 
tissues (17), usually is not considered to be toxic to the mammalian host. 
Undoubtedly, many unknown factors such as permeability effects and 
selective absorption have an important réle in this respect. 


SUMMARY 


Pentachlorophenol in low concentrations (1 X 10-> m) prevented the 
uptake of inorganic phosphate associated with the oxidation of a-keto- 
glutarate by rat liver mitochondria. The oxidation of this substrate was 
relatively unaffected except in phosphate-deficient systems in which a 
stimulation was observed. 

PCP greatly enhanced the liberation of inorganic phosphate from ATP 
by fresh mitochondrial preparations but had no such effect upon ATPase 
prepared from disintegrated mitochondria. The enhancement of ATPase 
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ac 


tivity of fresh mitochondria by PCP was depressed by fluoride and by 


magnesium ions. 


It is postulated that the uncoupling of phosphorylation from oxidation 


by PCP may account, at least in part, for the toxic manifestations of this 
compound. 
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THE SYNTHESIS AND SECRETION OF LIPASE AND 
RIBONUCLEASE BY PIGEON PANCREAS SLICES* 


By REUBEN SCHUCHER anp LOWELL E. HOKIN{ 
(From the Research Institute, the Montreal General Hospital, Montreal, Canada) 


(Received for publication, February 27, 1954) 


Incubation of slices of pigeon pancreas in physiological saline leads to a 
net formation of amylase, which is augmented by amino acids (1, 2). The 
active secretion of amylase can be stimulated by acetylcholine or related 
substances (1, 3). This paper is concerned with studies on the synthesis 
and secretion in vitro of two additional enzymes (lipase and ribonuclease) 
which exist in high concentrations in the pancreas. The secretion of 
amylase, lipase, and ribonuclease is stimulated by acetylcholine or car- 
bamylcholine; the three enzymes are secreted in a parallel fashion. These 
enzymes are also formed during aerobic incubation of pancreas slices, and 
under appropriate conditions their synthesis, measured by enzyme activity, 
is increased by the addition of amino acids. Anfinsen (4), using tracer 
techniques, previously obtained evidence that ribonuclease is synthesized 
in pancreas slices, although the net formation of the enzyme was not 


followed. 


EXPERIMENTAL 


Incubation and Treatment of Tissues—Pancreas slices were prepared and 
incubated in bicarbonate saline (Krebs and Henseleit (5)) or modified (1) 
Medium III of Krebs (6), as described previously (2). Two types of 
amino acid mixtures were used: (1) twenty-two naturally occurring amino 
acids, (2) a 5 per cent solution of a partially acid-hydrolyzed preparation 
of fibrin, consisting of two-thirds free amino acids and one-third peptides 
(Aminosol, Abbott Laboratories, Chicago, Illinois). 

After incubation a diluted aqueous extract of the tissue was prepared 
(1) and either assayed immediately or stored in the frozen state. In many 
experiments in which enzyme secretion was not studied aliquots of the 
tissue and medium were pooled; the enzyme activities of these pooled 
samples agreed closely with the sum of the enzyme activities of the tissue 
and medium assayed separately. Lipase and ribonuclease were found to 


* Part of this work was communicated to the Nineteenth International Physiologi- 
cal Congress at Montreal, September 4, 1953. 
t Special Research Fellow of the National Cancer Institute, United States Public 


Health Service. Present address, Department of Pharmacology, McGill University, 
Montreal. 
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be evenly distributed in the pancreas and were readily extracted with 
water. Similar findings have already been reported for amylase (1). 

Amylase and Lipase Assays—Amylase was assayed as described pre. 
viously (2). Lipase was determined by the manometric method of Rona 
and Lasnitzki (7) in which CO, is liberated from bicarbonate in the pres. 
ence of tributyrin and enzyme. With dilute tissue extracts, the rate of 
CO, evolution was linear for periods up to 90 minutes and was proportional 
to the enzyme concentration. A lipase unit is defined here as the amount 
of enzyme which liberates 100 ul. of CO, per hour at 38° from 3.0 ml. of 
0.067 m sodium bicarbonate containing 1 per cent tributyrin. 

Ribonuclease Assays—A spectrophotometric assay was developed which 
was found applicable to crude aqueous extracts of small quantities of 
tissue. The substrate was prepared as follows. A commercial prepara- 
tion (Nutritional Biochemicals Corporation, Cleveland, Ohio) of yeast 
ribonucleic acid (RNA) was dialyzed in cellophane sacs against running 
tap water for 24 hours and against distilled water for 6 hours. The sae 
contents were precipitated with acetic acid in ethanol (1 part of glacial 
acetic acid and 13.8 parts of 95 per cent ethanol) at 0°. After standing at 
0° for 1 hour the precipitate was collected by centrifugation, washed twice 
with ether, and dried in vacuo. 

0.5 ml. of a 1 per cent solution of the above preparation of RNA in 0.04 
M phosphate buffer, pH 7.5, was incubated in a conical centrifuge tube 
with 0.5 ml. of an aqueous extract of pancreas at 38° for 30 minutes. At 
the end of incubation 7 ml. of cold precipitating reagent (prepared by 
mixing 935 ml. of 95 per cent ethanol with 60 ml. of glacial acetic acid 
and 4.5 ml. of 2 Nn NaOH) were added. This was mixed thoroughly and 
allowed to stand at 0° for 1 hour, followed by centrifugation for 3 minutes 
at approximately 15,000 X g. The optical density of the supernatant 
fluid was then read at 260 my in a Beckman model DU spectrophotometer. 
Control samples were prepared by adding the enzyme solution to the pre- 
cipitating reagent, followed by addition of the substrate solution. The 
optical density of the control was subtracted from the optical density of 
the experimental samples. 

Control experiments were run with crystalline ribonuclease (Worthing- 
ton Biochemical Corporation, Freehold, New Jersey) and with crude aque- 
ous pancreas extracts. At low concentrations of crystalline enzyme (0.05 
y per ml. and less) the optical density increased linearly with time (Fig. 
1), and this rate of increase was proportional to the enzyme concentration. 
With aqueous extracts of pancreas (10 mg. of tissue per ml. and less) 
similar results were obtained (Fig. 2). 

A unit of ribonuclease is defined here as that amount of enzyme which, 
when incubated under the above conditions, produces an increase in optical 
density of 0.01. 
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MgSO,, CaCh, and 2,4-dinitrophenol were tested for their possible in- 
terference in the ribonuclease assay, and in the concentrations encountered 
in the experiments described below they were without effect. 


RESULTS AND DISCUSSION 


Synthesis of Amylase, Lipase, and Ribonuclease in Pancreas Slices—Rep- 
resentative experiments in which the total amylase, lipase, and ribonuclease 
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Fig. 1. Rate of liberation of alcohol-soluble nucleotides from RNA by crystalline 
ribonuclease. 0.5 ml. of a 1 per cent solution of RNA in 0.04 m phosphate buffer, 
pH 7.5, was incubated with 0.5 ml. of an aqueous solution of crystalline ribonuclease 
(0.05 y per ml.) at 38° for indicated periods of time. The reaction was stopped with 
precipitating reagent, as described in the text. The alcohol-soluble nucleotide frac- 
tion was diluted five times with precipitating reagent, and the optical densities were 
read at 260 mu. The readings were then multiplied by 5. 

Fig. 2. Proportionality between quantity of pigeon pancreas and ribonuclease 
activity. Various dilutions of aqueous extracts of fresh pigeon pancreas were in- 
cubated with yeast RNA according to the method described in the text. Curve A, 
60 minutes incubation; Curve B, 30 minutes incubation. 


activities were followed during incubation of pancreas slices under various 
conditions are presented in Table I. Incubation of pigeon pancreas slices 
aerobically in physiological saline (1) for 2.5 hours at 38° led to consistent 
increases in the total amylase and lipase activities, ranging from 50 to 100 
per cent above the unincubated controls. As a rule the total ribonuclease 
activity increased to a lesser extent than that of the other two enzymes. 
This was found to be due to partial inactivation of ribonuclease on incuba- 
tion, as shown by the fact that incubation aerobically in the presence of 
2,4-dinitrophenol, or anaerobically, led to an approximate 25 per cent 
decrease in the total ribonuclease activity. The total ribonuclease activity 
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of slices incubated anaerobically or aerobically in the presence of 2.4 
dinitrophenol thus appears to be a better control than unincubated slices 

Addition of amino acids consistently increased amylase synthesis, 
reported previously (1, 2). However, amino acids stimulated lipase syn. 
thesis in only about one-half of the experiments and ribonuclease synthesis 
in only about one-quarter of the experiments. These observations indicate 


TABLeE [ 
Synthesis of Amylase, Lipase, and Ribonuclease in Presence and Absence 
of Added Amino Acids 
Modified Medium III (6) in Experiments 1 and 2, and bicarbonate saline in Ey. 
periments 3 and 4; each amino acid in a concentration of 2 X 10-* m for the L isomer: 
temperature 38°. DNP = 2,4-dinitrophenol. 


Total enzyme 


S activity per mg 
~ Incu- + initial dry weight 
o Gas phase bation Additions _ in 
& time j 
5 Amyl-| Li. | Ribo 
x ase (pase nucle. 
_ ase 
hrs 
l 0 None 14 12 | 22 
O» 2.5 | 2X 10°*m DNP 16 13 | 16 
¥ 2.56;2X 10-4*** ‘ + 22 amino acids 13 | 11) 14 
‘ 2.5 | None 26 | 25 | 24 
: 2.5 | 22 amino acids | 52 | 54 | 33 
2 0 | None | 22 6| 9 
Ox  * Th in 39 10 | 12 
- 2.5 | 0.33% Aminosol 66 | 20 | 13 
3 0 | None 36 | 15} Il 
7% COz in Oz a; ~* 56 | 31 | 32 
—- - = 2.5 | 0.33% Aminosol 80 | 34 | 33 
4 0 | None 53 | 40 | 48 
tm * Ms 2.5 | 22 amino acids 49 | 45 | 34 
7% “ “OO, [2.58/22 « a 87* | 89* 54 


* Slices incubated in triplicate. 


that each of the digestive enzymes can, to some extent, be synthesized 
independently of the others and that their total amino acid requirements 
differ. 

The slices used in the above experiments were not suspended in saline 
prior to incubation. When slices were preincubated in oxygenated saline 
at 38° for 30 minutes prior to the full 2.5 hour incubation, synthesis of all 
three enzymes in the absence of amino acids was reduced. Under these 
conditions amino acids were found consistently to stimulate the synthesis 
of the three enzymes (Table III). This indicates that the failure to ob- 
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serve a stimulation of lipase or ribonuclease synthesis in some of the ex- 
periments with “undepleted” slices is due to sufficient stores of amino acids 
in the tissue. 

In Table II the effects on enzyme synthesis of a complete mixture of 
amino acids and a partial hydrolysate of fibrin are compared. The syn- 
thesis of each of the three enzymes was the same in the presence of either 
of the mixtures. This indicates that the peptides present in the partial 
fibrin hydrolysate are not superior to free amino acids as substrates for 
enzyme synthesis. 

Secretion of Amylase, Lipase, and Ribonuclease—It was previously re- 
ported that under aerobic conditions acetylcholine or carbamylcholine 


TaBLe II 
Comparison of Enzyme Synthesis in Presence of Amino Acids and Partially 
Hydrolyzed Fibrin 
Conditions as in Table I; modified Medium III used. 





Total enzyme activity per mg. 
initial dry weight 


Incubation time Additions 
Amylase Lipase Ri bo- : 
nuclease 
hrs. 
0 None 32 20 39 
2.5 2X 10°‘ um DNP + 22 amino acids 32 24 27 
2.5 ih OU 27 20 24 
2.5 22 amino acids 60* 55* 39* 
2.5 0.338% Aminosol 63* 53* 40* 


* Slices incubated in triplicate. 


stimulates the secretion of amylase (1); the stimulatory effect of these drugs 
on amylase secretion was abolished by atropine (3). In Table III the 
quantities of amylase, lipase, and ribonuclease are compared in the medium 
of control slices (in contact with carbamylcholine and atropine) and in the 
medium of stimulated slices (in contact with carbamylcholine only). The 
secretion of eaeh of the three enzymes was stimulated to the same extent 
in the presence of carbamylcholine without atropine. Similar results were 
obtained with acetylcholine. The above findings agree with the observa- 
tions of others (see Babkin (8)) that the pancreatic enzymes, amylase and 
lipase and trypsin, are secreted in a parallel fashion in vive. To our knowl- 
edge the secretion of ribonuclease by the pancreas has not been demon- 
strated previously. 

It has been assumed by many physiologists that stimulation of enzyme 
secretion in the pancreas leads to an accelerated rate of enzyme synthesis. 
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This belief forms the basis of many recent studies in vivo on the relationship 


between ribonucleic acids and enzyme synthesis in the pancreas (9-14) | 


In none of these studies has total enzyme synthesis actually been measured, 
although Daly and Mirsky (12) and de Deken-Grenson (14) have followed 
the changes in the tissue content of some of the enzymes after injection 
of pilocarpine. As is shown in Table III, an approximate 3-fold increase 
in the quantity of each of the enzymes extruded into the medium did not 
augment their synthesis. It is clear that, at least in vitro, the rate of 
enzyme synthesis is independent of the secretory activity. This has been 


TABLE III 
Secretion and Synthesis of Amylase, Lipase, and Ribonuclease 


Conditions as in Table I; 30 minutes preincubation at 38° in 3.0 ml. of oxygenated 
Medium III. Medium III used for final incubation. Incubation time, 2.5 hours. 


Enzyme activity per mg. initial dry weight 


Gas iti | P ; ‘ 
phase | Additions Amylase Lipase Ribonuclease 
| 


Medium| Total |Medium| Total |Medium) Total 


N:* | 0.33% Aminosol, 10 y per ml. . 42 6 28 2 14 
carbamylcholine 

Oz 100 y per ml. atropine, 10 y per 11 51 | 6 28 

| mil. carbamylcholine 

| 0.33% Aminosol, 100 y per ml. 11 83 6 62 2 22 

| atropine, 10 y per ml. 

carbamylcholine 

= 0.33% Aminosol, 10 y per ml. 33 87 16 64 5 23 

carbamylcholine 


to 
a 





* Yellow phosphorus in side arm of Warburg vessel. 


observed in the pancreas of fed and fasted pigeons and in the presence and 
absence of amino acids. It is possible that the so called cycle of secretion 
and resynthesis of pancreatic enzymes, based on the fall and subsequent 
rise in the enzyme or zymogen granule content of the pancreas following 
ingestion of food or cholinergic stimulation, may merely reflect a constant 
rate of enzyme synthesis with superimposed variations in the secretory 
rate. 


SUMMARY 


A spectrophotometric assay is described for measuring ribonuclease ac- 
tivity in crude aqueous extracts of small quantities of tissue. Incubation 
of slices of pigeon pancreas in oxygenated physiological saline leads to 4 
synthesis of lipase and ribonuclease. The formation of these two enzymes 








is aboli 
pleted 

amino : 
this sti 
hydrol} 
not su] 
synthe: 
enzyme 
tion of 


That 
and to 


ll. 
12. 
13. 
14. 


mranowrk-, wm 


. Hok 


Hok 
Hok 
Anf 
Kre 


. Kre 
. Ror 
. Bak 


. Ral 


Dal 
Dal 
All 
de _ 





mship 
9-14), 
sured, 
lowed 
ection 
crease 
id not 
ate of 
; been 


nated 
urs, 


ight 


iclease 


Total 


e and 
retion 
quent 
Owing 
stant 
retory 


Se ac- 
yation 
3 to a 
zymes 





R. SCHUCHER AND L. E. HOKIN 557 


is abolished by 2,4-dinitrophenol or anaerobic incubation. In slices de- 
pleted of their stores of free amino acids by preincubation, addition of 
amino acids consistently stimulates both lipase and ribonuclease synthesis; 
this stimulation is inconsistent in “undepleted” slices. A partial protein 
hydrolysate containing simple peptides and free amino acids is equal, but 
not superior, to a mixture of twenty-two amino acids in stimulating the 
synthesis of amylase, lipase, and ribonuclease. The secretion of all three 
enzymes is stimulated to the same extent by carbamylcholine. Stimula- 
tion of enzyme secretion is not accompanied by increased enzyme synthesis. 


Thanks are due to Dr. J. H. Quastel for his interest and encouragement 
and to the National Research Council of Canada for a grant-in-aid. 
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The initial reaction in the degradation of L-histidine by both liver and 
bacterial enzymes has been shown to be deamination by the enzyme histi- 
dase to form urocanic acid (3-6). The subsequent degradation of urocanic 
acid by bacterial or liver urocanase results in the formation of incompletely 
characterized products which yield glutamic acid, formic acid, and am- 
monia on hydrolysis (2, 7-11); these compounds have been crystallized in 
a number of laboratories (2, 7, 10, 11). In the work presented here the 
product of this reaction with guinea pig liver extracts has been isolated as 
| acrystalline barium salt and will be referred to as ‘Intermediate A.”’ 

Extracts of histidine-adapted Pseudomonas fluorescens convert both t-his- 
tidine and urocanic acid to L-glutamic acid, formic acid, and ammonia 
(5,12). These products are also obtained when Intermediate A is incu- 
bated with the bacterial extracts. In the work reported here, N-formyl-.- 
glutamic acid has been isolated as the penultimate compound in this meta- 
bolic pathway. The degradation of L-histidine to L-glutamic acid thus 
appears to proceed via urocanic acid, Intermediate A, and N-formy]-.- 
glutamic acid. 


Material and Methods 


Urocanic acid was prepared from t-histidine by using Pseudomonas histi- 
dase preparations (13). Formyl-i-glutamic acid was synthesized (1) from 
-glutamic acid with formic-acetic anhydride, which had been shown to 
yield the N-formyl derivative (14). 

60 gm. of L-glutamic acid were placed in a round bottomed flask with 900 
ml. of formic acid, and 300 ml. of acetic anhydride were added slowly. 
The exothermic reaction raised the temperature above 50°. After the 
flask began to cool (at least 30 minutes after mixing), the solvents were 
removed by vacuum distillation. The residual oil was dissolved in a 
minimal amount of absolute ethanol at room temperature and any in- 
soluble solid (free glutamic acid) was removed by filtration. 10 to 15 

*Preliminary reports of this work have been presented at the meetings of the 
Federation of American Societies for Experimental Biology (1, 2). 
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volumes of benzene were added to the ethanol to produce an iridescen 
solution. On cooling in a 5° room, rosettes of large fragile crystals formed 
slowly. 52 gm. were collected by filtration. The product was recrystal. 
lized from ethanol and benzene as before to yield 44 gm., m.p. 112-113° 
with the following elementary analysis:! 

CeHsOsN. Calculated, C 41.14, H 5.18, N 8.00; found, C 41.15, H 4.91, N 8.15 


° ° 20 = ° . 
Optical rotation [a], —7.25° (2% solution in water) 


Formylglutamine was synthesized by essentially the same procedure! 
Formylisoglutamine could not be obtained by formylation of isoglutamine 
and was made by ammonolysis of the anhydride of N-formyl-.-glutamic 
acid.? 

The syntheses of formylglutamine, formylisoglutamine, and formylglu. 
tamic acid have been recently reported by Borek and Waelsch (10). 
Formylglutamic acid has also been recently prepared by Suda et al. (15). 

Dowex 1 and Dowex 50 (8 to 10 per cent cross-linked), L-histidine mono- 
hydrochloride monohydrate, and t-glutamic and formic acids were com- 
mercial products. P. fluorescens extracts were prepared as previously 
described (12) from cells grown in media containing t-histidine as the prin- 
cipal carbon and nitrogen source. 

Urocanic acid was determined spectrophotometrically by optical density 
measurements at 277 mu (6). u-Glutamic acid was determined by de- 
carboxylation with Clostridium welchii (16). This method has been found 
to be specific for glutamic acid in the presence of any of the other com- 


pounds used in the work reported. Formyl-i-glutamic acid was deter- 


mined by ninhydrin (17) assays after hydrolysis in 1 N H.SO, at 100° for 
30 minutes. Formic acid was determined by oxidation to CO, with mer- 


curic chloride (18). Paper chromatograms were carried out with Whatman | 


No. 1 paper by an ascending method.. The spots were visualized by nin- 
hydrin (19) or chlorine-starch-KI* (20) methods. 


EXPERIMENTAL 
Production of Intermediate A from Urocanic Acid 


360 gm. of guinea pig liver were homogenized in the Waring blendor with 
1440 ml. of ice-cold water. The mixture was centrifuged at about 3000 
X g for 20 minutes at 0°, and the cloudy supernatant solution was decanted. 
6 gm. (0.034 mole) of urocanic acid in 100 ml. of water, neutralized with 
sodium hydroxide to approximately pH 7.4, were added to the extract, and 


1 The elementary analyses were performed by the Analytical Laboratory under 
the supervision of Dr. W. Alford. 

2? Unpublished experiments of Mehler, Bauer, and Tabor. 

3 We wish to thank Dr. H. Sober for calling this technique to our attention. 
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the mixture was incubated at 37° until the ultraviolet absorption of urocanic 
acid disappeared (6 to 8 hours). The solution was cooled and deprotein- 
ized with 75 gm. of trichloroacetic acid and filtered with the aid of suction. 
Most of the trichloroacetic acid was then removed from the filtrate by 
three extractions with equal volumes of ether. 

Chromatography on Dowex 50 was then carried out by a modification of 
the method of Silverman, Gardiner, and Bakerman (21). The aqueous 
layer was passed through a column of Dowex 50 (hydrogen form; height 28 
em.; diameter 3 cm.) and eluted with 1 N H.SO,4. The tubes were assayed 
for ninhydrin-reactive material by the method of Moore and Stein, since 
Intermediate A reacts positively under the conditions of the test (20 min- 
utes at 100°). Since the ninhydrin test does not distinguish between 
Intermediate A and glutamic acid, and since these compounds are eluted 
from Dowex 50 in adjacent or overlapping fractions, free glutamic acid was 
determined in the ninhydrin-positive tubes by means of the C. welchii 
glutamic decarboxylase. Those tubes containing free glutamic acid (100 
to 125 ml. of effluent) were discarded. The remaining ninhydrin-positive 
tubes (125 to 430 ml. of effluent), which reacted with the decarboxylase 
only after alkaline hydrolysis, were combined and the sulfate ion removed 
by passage through a Dowex 1 acetate column (height 55 cm.; diameter 5 
em.). 3 N acetic acid was passed through the column and the eluate tested 
with ninhydrin. Those tubes (0 to approximately 1200 ml.) showing a 
positive ninhydrin reaction were evaporated to dryness in vacuo (bath 
temperature <50°). 

The residue was dissolved in water, and the entire chromatographic pro- 
cedure of the previous paragraph was repeated. The final residue was 
again dissolved in cold water, and, with vigorous stirring in an ice bath, 
cautiously adjusted to pH 6.8 to 7.0 with a saturated barium hydroxide 
solution. Absolute ethanol was added to incipient turbidity, and the 
solution was stored in the ice box for several days. The crystalline barium 
salt (approximately 3 gm.) was filtered and dried in vacuo over P2Os. 

The elementary analysis of Intermediate A is consistent with a structure 
derived from the elements of urocanic acid plus 2 molecules of water. 


CsHyO.N2Bay. Calculated. C 29.80, H 3.75, N 11.58, Ba 28.3 
Found. ‘* 29.60, “* 3.94, ** 11.30, ** 28.49 
[a]? —9.8° (2.5% in H.O) 


Titration—246.5 mg. (1.02 mm) of the barium salt were dissolved in 3 
ml. of water and titrated with 1 n HCl. The addition of 1 equivalent of 
HCl reduced the pH from 7.8 to 2.95. The pK’ value was 4.0. A second 
pK’ was measured at about 2.0. Back-titration with 1 Nn KOH showed the 
same inflections and another dissociable group with a pK’ of about 11.9. 





562 FORMYLGLUTAMIC ACID 


Intermediate A was assayed by measuring the free L-glutamic acid pro. 
duced upon hydrolysis. By this assay, the compound is stable in 1 x 
H2SO, at 100° for at least 30 minutes and at room temperature for at least 
several weeks. In 0.1 N NaOH it is completely hydrolyzed at 100° in less 
than 5 minutes. Following alkaline hydrolysis, 1 equivalent each of 1-glu. 
tamic acid (C. welchit technique), formic acid, and ammonia‘ is produced, 
These products are also obtained when Intermediate A is treated with 
fresh Pseudomonas extract. 

Ninhydrin Test—On testing this material in the reduced ninhydrin pro- 
cedure of Moore and Stein (17), a delayed reaction was noted. With 0. 
of a micromole essentially no color was noted during the first 5 to 8 min. 
utes; at the end of 20 minutes, however, essentially full color development 
(compared with glutamic acid) was observed. 

Products accumulating during incubation of histidine or urocanic acid 
with liver preparations have been studied in many laboratories (7-11), and 
crystalline compounds have been reported by several workers (7, 10, 11), 
Although different methods were used in the isolation of those materials, 
it seems probable that Intermediate A is identical with the compounds 
reported previously as well as with the compound crystallized from the 
urine of folic acid-deficient rats (21, 22). Many structures have been 
proposed for the products studied in various laboratories, but none has been 
demonstrated conclusively. Although the structure of Intermediate A will 
probably not be known with certainty until synthetic compounds are 
available for comparison, some discussion of its chemical nature seems 
necessary at this point, since this compound was used as the starting ma- 
terial for the isolation of N-formyl-1-glutamic acid described below. 

Some of the structures proposed by various investigators for intermedi- 
ates in the degradation of histidine are shown. Only those structures 
are included that yield optically active glutamic acid on alkaline hydroly- 
sis; thus none with a double bond at the prospective a-carbon is shown. 
Since the elementary analysis of Intermediate A is consistent with the 
addition of 2 molecules of water to urocanic acid, possibilities involving 
more complex additions are not being considered. 

Synthetic formylisoglutamine (I) and formylglutamine (II) differ from 
Intermediate A in a number of characteristics: (a) they do not give any 
color with reduced ninhydrin; (b) they have different infra-red patterns and 
titration curves from Intermediate A; (c) they are not attacked by crude 
Pseudomonas extracts, while Intermediate A is degraded stoichiometrically 


4 Ammonia was determined by an unpublished method of Dr. S. M. Rosenthal, 
involving adsorption on the ion exchange resin X E64 in the potassium cycle, elution 
with sodium acetate, and nesslerization. This method eliminates interference 
from labile compounds, such as Intermediate A and the glutamines. 
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to ammonia and L-glutamic and formic acids. Borek and Waelsch (10) 
have also reported that synthetic formylisoglutamine and formylglutamine 
were different from their isolated material. Structure III is as yet un- 
known. Since formyl-L-glutamic acid will be shown to be produced in the 











CONH: COOH CONHCHO 0 
" 
| | | 
CHNHCHO CHNHCHO CHNH: Cc CHCH,CH.COOH 
CH, CH, CH; HN NH 
CH: CH; CH, on 
| 
COOH CONH; COOH 0 
1 (7)5 II (8) III (11) IV (23) 
COOH 
CHNHCH=NH O=C CHCH.CH.COOH 
| i | 
CH, N NH 
| \Y 7 
CH: C 
H 
COOH 
V (9, 10, 15) VI (7, 10, 15) 


degradation of Intermediate A, structure III, which does not have the 
formate precursor on the a-amino nitrogen, is very unlikely. In addition, 
a free amino group should give an immediate ninhydrin reaction. Hy- 
drolysis of hydantoinpropionic acid, IV, would give carbonic acid, not 
formic acid. The titration data make structure V, formiminoglutamic acid, 
seem very probable; similar data have been presented recently by Borek 
and Waelsch as proof of this structure (10). However since the dissocia- 
tion constants of imidazolones are not known, the postulated imidazolone- 
propionic acid structure (VI) cannot be excluded. 


Formation of Formyl-u-glutamic Acid from Intermediate A 


Extracts of P. fluorescens which degrade Intermediate A to glutamic and 
formic acids also hydrolyze formyl-L-glutamic acid rapidly. The prob- 
ability that formylglutamic acid is an intermediate was strengthened by 
the demonstration of the specificity of the formylase activity in such ex- 
tracts; the N-formyl derivatives of L-aspartic acid, glycine, pL-alanine, 
pbL-phenylalanine, L-histidine, L-glutamine, and L-isoglutamine, as well as 
acetyl-L-glutamic acid, are attacked at much slower rates. 


‘The figures in parentheses refer to bibliographic references. 
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Although the hydrolysis of formylglutamic acid in crude extracts jg 
rapid, the accumulation of formylglutamic acid was made possible by the 
different properties of the various enzymes concerned. The ability to 
degrade Intermediate A is stabilized by the presence of sulfhydry] com. 
pounds, while the enzyme hydrolyzing formylglutamic acid gradually be. 
comes inactivated at refrigerator temperatures, requires ferrous ions, and 
is inhibited by sulfhydryl compounds. Thus, upon aging the P. fluorescens 
extracts several days at 3° in the presence of H.S or thioglycolate, it was 
found that the ability to degrade Intermediate A was unimpaired, while the 

















ability to hydrolyze formyl-L-glutamic acid was abolished. Consequently, 
TABLE I 

Conversion of Intermediate A to Formylglutamic Acid by Aged Pseudomonas Extracts 
RF 
Synthetic formyl-u-glutamic acid.................... 0.74 
ES eT EET Oe ee os 0.44 
Intermediate A....... FE RS, eer ae | 0.57 
Incubation mixture, initial... = Se ee 0.58 
i - final... Seay hota cues soins | 0.76 





Reference compounds and the incubation mixture were applied to Whatman No. 
1 paper and the chromatograms were developed by ascending chromatography with 
a solvent consisting of 70 parts of tertiary butanol, 15 parts of formic acid, and 15 
parts of water (24). The spots were visualized by the Cl2-starch-KI technique. In 
addition glutamic acid was detected with ninhydrin. Most of the intermediate had 
been converted to formylglutamic acid after 8 hours, and at 22 hours no spot corre- 
sponding to the intermediate could be detected. A faint glutamic acid spot was 
present in the enzyme preparation, but this did not change upon incubation. 


formyl-L-glutamic acid accumulated during incubation with Intermediate 
A. 

10 gm. of Pseudomonas cells were extracted as previously described (12) 
with 100 ml. of cold water. The extract was immediately saturated with 
HS, stoppered, and stored in the cold room for 3 days. 80 ml. of this 
extract, containing H.S, were mixed with 742 mg. of the barium salt of 
Intermediate A and incubated under mineral oil for 22 hours at room tem- 
perature (approximately 23°). As shown in Table I, paper chromato- 
graphic studies indicate complete disappearance of Intermediate A with 
the appearance of formylglutamic acid. No glutamic acid spot was de- 
tected. 

The incubation mixture was cooled to 0° and treated with 5 gm. of tri- 
chloroacetic acid, and the precipitate was immediately removed by centrifu- 
gation in the cold. Most of the trichloroacetic acid was removed by ex- 
tracting the mixture three times with equal volumes of ether. The aqueous 
layer was then cautiously adjusted in the cold to pH 7 with 1 n NaOH. 
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After the dissolved ether was removed in vacuo, the solution was passed 
through a Dowex 1 acetate column (height 23 cm.; diameter 1.5 cm.). 
After the column was washed with water, the formyl-L-glutamic acid was 
eluted with 1.7 N acetic acid (500 to 740 ml.). The solution was lyophilized 
and the residue was extracted with several ml. of ethanol. Several vol- 
umes of benzene were added and the solution was dried under vacuum. 120 
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Fic. 1. Infra-red absorption spectra of synthetic and isolated formylglutamic 
acid were made with suspensions in Nujol with a Perkin-Elmer recording spectro- 
photometer. 


mg. of crystalline material, m.p. 92-99°, were obtained. Recrystallization 
from alcohol and benzene raised the melting point to 109-111°; an authen- 
tic sample melting at 110° showed no depression of the melting point when 
mixed with the isolated material. 

C.sH,O;N. Calculated, C 41.14, H 5.18, N 8.00; found, C 41.11, H 5.33, N 8.11 


The infra-red spectra® of the isolated and synthetic material were essen- 
tially the same (Fig. 1). On hydrolysis with 1 n H,SO, for 30 minutes at 


6 We are indebted to Mrs. P. B. Humphries and Mrs. A. L. Hayden for these 
measurements. 
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100°, 1 equivalent each of formic and L-glutamic acids was produced. No 
free formic or L-glutamic acid was present before hydrolysis. 

Enzymatic Degradation of Formyl-i-glutamic Acid—Fresh Pseudomonas 
extracts stoichiometrically convert formyl-.-glutamic acid to formic and 
L-glutamic acids. This reaction is conveniently followed by measuring the 
appearance of material which reacts with reduced ninhydrin (Table II), 
Only preliminary studies have been carried out on the characteristics of 
this enzyme. On aging, a Fe** requirement can be demonstrated (Table 
II). The activity is abolished by ethylenediaminetetraacetate or by thio. 
glycolate; this inhibition can be removed by the addition of Fe* to the 


TABLE II 


Hydrolysis of Acylated Amino Acids by Pseudomonas Extracts; Substrate Specificity 
and Fet+ Requirement 

An extract of Pseudomonas was aged at 2° for 24 hours. The incubation mixtures 
consisted of 1 ml. of 0.1 mM barbital buffer, pH 7.4, 0.2 ml. of extract, 20 um of sub- 
strate, 2 um of ferrous sulfate (where indicated), and water to a fina! volume of 2.0 
ml. Immediately after mixing in an ice bath and after 15 minutes incubation at 
38°, 0.2 ml. samples were added to 2.0 ml. of ninhydrin reagent. The ninhydrin 
solutions were heated and diluted according to the procedure of Moore and Stein 
(17), and the density at 570 my was read in a Beckman spectrophotometer. 

The results are in micromoles hydrolyzed. 
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* Formylalanine and formylhistidine were kindly supplied by Dr. J. Greenstein 
and Dr. H. Bond, respectively. 





inhibited enzyme. Mn** does not activate the aged enzyme, and Fe++* 
inhibits. 


DISCUSSION 


Several schemes have been presented by various workers to explain the 
formation of L-glutamic acid from histidine (3, 7-11). Those postulated 
pathways which involved the conversion of the a-amino group of the histi- 
dine to the a-amino group of the glutamic acid were eliminated by the 
demonstration that urocanic acid is an intermediate in this series of re 
actions (3-6). The demonstration in this paper that N-formylglutamine 
and N-formylisoglutamine were not intermediates in the degradation of 
histidine by P. fluorescens further simplifies the situation for this organism. 
The pathway probably involves the accompanying reactions. 
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(1) L-Histidine — urocanic acid + NH; 

(2 Urocanic acid + H,0 — 4-imidazolone-5-propionic acid 

(3) 4-Imidazolone-5-propionic acid + H:O — N-formimino-t-glutamic acid 
(4) N-Formimino-t-glutamic acid + H.O0 — N-formyl-.-glutamic acid + NH; 
(5) N-Formyl-i-glutamic acid + H.O — formic acid + ut-glutamic acid 

Reactions 1 and 5 have been demonstrated directly. The elimination of 
the formylated glutamines makes it likely that Reaction 4 is the mechanism 
by which formylglutamic acid is produced. Reactions 2 and 3 have not yet 
been obtained with purified systems and are as yet only hypothetical. 
This formulation has recently been postulated by Suda et al. (15) who found 
that Pseudomonas sp. adapted to histidine acquired the ability to metabo- 
lize formylglutamic acid. Reactions 1 to 3 have also been presented by 
Borek and Waelsch (10) in a discussion of the reactions in cat liver. 

While the formation of glutamic acid in Pseudomonas extracts proceeds 
via formylglutamic acid, the possibilities of alternative pathways in other 
organisms remain. In Aerobacter aerogenes (25) and Clostridium tetano- 
morphum’ formamide has been described as a product, while in Bacillus 
subtilis (26) a pathway has been reported involving isoglutamine. 

The conversion of histidine to glutamic acid in rats in vivo has been 
demonstrated by Wolf (27). Experiments in different laboratories with 
liver preparations 7n vitro, on the other hand, have given results which are 
not completely consistent. In most reports a substance having the proper- 
ties of Intermediate A was found to accumulate, and essentially no free 
glutamic acid was found. In some experiments, however, free glutamic 
acid was isolated (28, 29). Since Intermediate A is unstable in neutral or 
alkaline solutions, it is possible that the glutamic acid was formed by non- 
enzymatic hydrolysis. 

The ability of the intact organism to produce glutamic acid from histi- 
dine raises a question about the accumulation of Intermediate A in our 
liver preparations. It is possible that the enzymes responsible for the 
further metabolism of Intermediate A by liver are labile, and that the 
accumulation of this compound is caused by the relatively small activity 
of these enzymes remaining in our extracts. Alternatively, the utilization 
of Intermediate A by liver may require a mechanism for the transfer of 
formate to specific acceptors, which may be absent from our preparations. 
The possibility of a formate-transferring mechanism is suggested by the 
accumulation and excretion of this metabolite in folic-acid deficiency (21, 
22, 30). 


We are grateful to Dr. Bauer, Dr. Beiler, Dr. Daft, Dr. Silverman, and 
Dr. Witkop for many helpful discussions. We wish to thank Mr. Frank 
Suggs for technical assistance. 


’Wachsman, J., and Barker, H. A., personal communication. 
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SUMMARY 


A crystalline compound containing bound L-glutamic acid, formic acid, 
and ammonia has been isolated from an incubation mixture of urocanie 
acid with a guinea pig liver extract. This compound has been converted 
to formyl-L-glutamic acid by aged extracts of histidine-adapted Pseudo- 
monas flworescens. 

Formy]-t-glutamic acid is the immediate precursor of L-glutamic acid jn 
the degradation of histidine by P. fluorescens extracts. The hydrolysis of 
formylglutamic acid is catalyzed by an enzyme stimulated by ferrous ions, 
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It is well established that most of the biotin in such substances as liver 
and yeast is firmly bound to protein. Several attempts (1-4) have been 
made to extract and purify biotin complexes, but so far only one, biocytin 
(-N-biotinyl-L-lysine), has been isolated (5) and identified (6). Further 
isolation work will probably uncover larger biotin complexes or possibly 
new forms of combined biotin. 

Another approach that may give information on the nature of bound 
biotin is a study of its enzymatic release. Biotin is set free from proteins 
by enzymes, but so far little information is available as to the kind of en- 
zymes involved. Important considerations in an investigation of this 
sort are a soluble substrate and a suitable assay. Saccharomyces cerevisiae 
and Lactobacillus casei use both free and combined forms of biotin, but 
Lactobacillus arabinosus appears to use few compounds other than free 

‘ biotin for its growth. If both lactobacilli are used for assay purposes, the 
difference in response measures, to some degree at least, the action of the 
enzymes involved. 


121 


The work reported in this paper is a study of the enzymatic conversion 
: Of the soluble bound biotin (SBB) of peptic digests of liver to a form of 
biotin available to L. arabinosus. Information was also sought regarding 
the action of the enzyme preparation on known substrates. Such an 
enzyme may play an important réle in the storage of biotin or in the con- 
version of biotin to its physiologically active forms. 


i?) 
— 
or 


{ EXPERIMENTAL 
Am. 


Analytical Methods 
a Biotin was determined by a turbidimetric method in which the organ- 


als ism for assay was L. arabinosus 17-5. The medium and procedure were 
essentially those of Chang and Peterson (7). d-Biotin was used as the 


O64 * Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. This work was supported in part by a graduate fellowship from 
Standard Brands, Incorporated, New York. 
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standard and the data are expressed in terms of this compound. Certain 
expressions have been used in a specific sense as follows: 

Free biotin is defined as the biotin available to L. arabinosus before acid 
hydrolysis. Total biotin is defined as the biotin measured by L. arabinosus 
assay after the sample was hydrolyzed for 2 hours in 4 N H2SO, at 120°. 
Soluble bound biotin (SBB) is defined as the soluble biotin that is unavail- 
able to L. arabinosus but becomes available after enzyme or acid hydrolysis, 
It is the difference between free and total biotin. 

For reasons given later, the enzyme converting soluble bound biotin to 
free biotin has been named biotinidase. In order to express activity in 
numerical terms, a working unit was set up. 1 unit of biotinidase is de- 
fined as the amount of enzyme which, when present in 1 ml. of standard 
mixture, releases 16 mugm. of free biotin per ml. in 30 minutes at 37°, 
The standard mixture was usually buffered at pH 6.8 with 0.04 m phos. 
phate and contained about 250 mygm. of SBB, together with about 3 
mygm. of free biotin per ml., and 0.2 ml. of a boiled 10:1 water extract 
of acetone-treated hog liver to serve as cofactor. In this unit the released 
biotin amounted thus to about 7 per cent of that present in the substrate, 
Biotinidase activities were compared by using the linear portion of a stand- 
ard curve. A new standard curve was prepared for each experiment. 

The usual procedure for the biotinidase assay was to put 4 ml. of sub- 
strate solution and 1 ml. of enzyme solution in separate test-tubes, place 
these in a 37° water bath, and wait 5 minutes for the tubes to reach the 
temperature of the water bath. The contents of the two tubes were then 
mixed by pouring the substrate solution into the enzyme solution. If the 
incubation period was to be more than 1 hour, toluene was added as a 


preservative. A 1 ml. sample was taken 30 seconds after mixing and ; 


pipetted rapidly into 10 ml. of water at 100°. A second sample was taken 
after a measured interval of time and treated in the same way. The 
samples were diluted to contain about 0.2 mugm. of free biotin per ml. 
and assayed with L. arabinosus. 

Organic solids were determined by the Johnson dichromate method (8). 
The specific activity of enzyme preparations was expressed in units per 
mg. of organic solids. 

Esterases—The conditions for the estimation of enzyme activity with 
biotin methyl ester were 37°, pH 6.8, in 0.1 m phosphate, 1.2 + of dl-biotin 
methyl ester (equivalent to 540 mugm. of d-biotin) per ml., and 0.5 ml, 
of enzyme solution per 5 ml. of mixture. Samples were treated as in the 
biotinidase assay. Hydrolysis of ethyl acetate and triacetin was meas- 
ured at 37° and pH 7.4 in 0.1 m phosphate. The enzyme solution was 
0.5 ml. in 5 ml. of mixture. 1 ml. samples were pipetted into 9 ml. of 50 
per cent ethanol containing 0.02 per cent thymolphthalein and titrated with 
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0.04 n alcoholic NaOH. The initial concentration of the ethyl acetate 
in the mixture was 0.10 M; that of the triacetin, 0.05 m. 

Peptidase activity was measured at 37° and pH 7.7 to 8.0 with a 0.05 m 
concentration of initial substrate and 0.01 m manganous sulfate present. 
The enzyme solution was 0.5 ml. in a total volume of 5 ml. Samples were 
taken and titrated as in the esterase determinations. 

Bioautographs were made of paper chromatograms with S. cerevisiae 
Y-30 according to the method of Chang and Peterson (4). Ascending 
chromatographic separations were run in 65 & 500 mm. Pyrex test-tubes 
at 25° for 24 hours on Eaton-Dikeman No. 613 paper strips 12.5 mm. 
wide. The solvent (100 ml.) was n-butanol saturated with aqueous 0.3 
u phosphate at pH 4.4. The paper strips were dipped in buffer, blotted, 
and dried over calcium chloride before the samples, 0.01 to 0.03 ml., were 
applied. After drying, the strips were suspended over the developing 
solvent for 1 hour before the lower ends were immersed. 

Preparation of SBB Substrate—The procedure of Chang and Peterson (4) 
was followed closely. A typical preparation contained 5 y of total biotin 
and 47 mugm. of free biotin per gm. of dry matter. 

Preparation of Crude Enzyme from Fresh and Acetonized Liver—100 gm. 
of fresh hog liver were homogenized for about 1 minute in a Waring 
blendor. The homogenate was shaken with 200 ml. of 0.7 m phosphate 
buffer, adjusted to pH 6.8, and filtered with Celite 545. About 225 ml. 
of filtrate were obtained. Such a preparation contained about 75 mg. of 
solids, less than 1 mugm. of SBB, but about 15 mugm. of free biotin per 
ml. Its biotinidase activity was 7.5 units per ml. or 0.10 unit per mg. of 
organic solids. Aqueous enzyme solutions of this type could be stored 
for a week or more with toluene at 15° without appreciable loss of activity. 
Slightly inferior yields were obtained by extraction with water or buffers 
at different pH values. 

An alternative method involved homogenizing the liver with about 2 
volumes of water, adjusting to pH 5.0, and centrifuging for 15 minutes 
at 3500 r.p.m. Such a preparation had an activity of about 5.0 units of 
biotinidase per ml. or 0.10 unit per mg. of organic solids. 

To make the acetonized liver, 100 gm. of hog liver homogenate were 
poured into 1 liter of acetone cooled to 0—5° and stirred vigorously for 10 
minutes. The solids were collected by suction, resuspended in 600 ml. of 
cold acetone, stirred for 10 minutes, filtered, and washed with an addi- 
tional 500 ml. of cold acetone. The filtrates were discarded. The solids 
were spread on paper in a thin layer and dried at 25° for 12 hours. The 
dry material (about 30 gm.) was crushed by rolling it with a bottle on a flat 
surface. About 53 per cent of the crushed material passed a 20 mesh 
screen, 
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An extract of the powder was made by shaking 1 gm. with 10 ml, of 
aqueous buffer and centrifuging. A neutral pH and 0.5 m phosphate were 
found to be somewhat better than other buffer strengths and pH values 
for this purpose. The material passing through a 20 mesh sieve yielded g 
solution containing 15 mg. of organic solids per ml. and haying an ae. 
tivity of 0.15 unit per mg. of solids. The coarse material (larger than 20 
mesh) gave an extract containing only 0.043 unit per mg. of solids. A 
second screening of the finer powder with a 100 mesh sieve gave a powder 


TaBLeE I 
Effect of Time and Enzyme Concentration on Release of Biotin from SBB 





Experiment 1, 230 min. Experiment 2, 1120 min. Experiment 3, 1.00 ml. enzyme* 
Amount of Increase in Amount of Increase in Incubation Increase in 
enzyme solution* free biotin enzyme solution*| free biotint time free biotint 
ml. mugm. per ml. ml. mugm. per ml. min. mugm. per : 
0.10 2 0.05 2 13 9 
0.30 16 0.10 6 23 14 
0.50 35 0.15 14 35 18 
0.70 53 0.20 25 47 22 
0.90 78 0.25 39 60 28 
hrs. 
1.3 34 
4.9 83 
42 190 
73 203 


* The enzyme solution was an extract of fresh hog liver homogenate, pH 5.0. 
The reaction mixture was buffered with 0.04 m phosphate at pH 6.0 in Experiments | 
and 2 and at pH 6.8 in Experiment 3. 

+ The total biotin was 280 mygm. per ml. in Experiment 1, 220 mugm. per ml. in 
Experiment 2, and 240 mugm. per ml. in Experiment 3. The initial free biotin was 
about 3 mygm. per ml. 


which was no more active than the 20 mesh material. No measurable 
SBB was present in any extract of the powder. 

Effect of Time and Enzyme Concentration on Release of Biotin—Data ob- 
tained with extracts of fresh hog liver are given in Table I. In Exper- 
ments | and 2 the smallest amount of enzyme had little effect, but, in the 
range of 0.30 to 0.90 ml. in Experiment 1 and 0.10 to 0.25 ml. in Experi- 
ment 2, the increase in free biotin corresponded roughly to the increase in 
enzyme concentration. However, for a given amount of biotin released, 
the enzyme concentrations were not inversely proportional to the ‘times 
of incubation; some complicating factor such as the need for an activator 
was indicated. 
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Experiment 3 shows the release of biotin over a 3 day period. After 
the first 13 minutes the rate remained fairly constant until 60 minutes 
or longer had elapsed, when 12 per cent of the substrate had been converted. 
Half the biotin in the substrate was converted to free biotin in 10.4 hours 
and 75 per cent was converted in 30 hours. In 73 hours 86 per cent of 
the original SBB was set free. 

A neutral or slightly acid pH was most favorable for the release of 
biotin, although some enzyme activity was apparent over the entire range 
from pH 5.0 to 8.5. (As the microbiological assay was run at pH 6.8, this 
yalue was chosen for succeeding work.) The concentration of buffer was 
not critical in the range of 0.04 to 0.5 m. 

Approximately 90 per cent of the biotinidase activity of a typical ex- 
tract held at 38° and pH 7.0 remained after 22 hours; hence it was evident 
that deterioration of the enzyme was not a major factor in the biotinidase 
assay. 

Effect of Substrate Concentration—The substrate concentrations given in 
Table I were chosen so as to leave considerable unhydrolyzed SBB at the 
end of the test period. When the concentration of SBB was decreased 
from 233 to 124 mugm. per ml., the amount of biotin released in 700 min- 
utes was the same (113 to 118 mugm. per ml.). If the amount of SBB was 
less than 124 mygm. per ml., conversion was complete in 700 minutes. 
Since a biotin concentration of 220 to 280 mygm. per ml. is about 10-* m, 
it seems improbable that saturation of the enzyme with SBB was in effect 
at these concentrations. It seems more likely that the apparent satura- 
tion was due to inhibitory substances or competing substrates in the SBB 
preparation. 

Effect of Heated Liver Extract—The irregularities noted in Table I sug- 
gested that an activator might be needed to give full release of biotin. 
Accordingly, various amounts of boiled liver extract were added to the 
enzyme-substrate mixture. These additions resulted in a marked increase 
at all levels of enzyme solution. As an example, 0.5 ml. of boiled extract 
added to 0.5 ml. of enzyme solution increased the amount of biotin set 
free in 810 minutes from 40 to 58 mygm. per ml. Doubling the amount 
of boiled extract gave no further increase. Activation by the heated ex- 
tract could to some extent be duplicated by divalent metals, of which zinc 
and manganese salts were the most effective. The effects of the zine and 
manganese salts, however, were erratic, and hence in subsequent work 1 
ml. of boiled liver extract was included in the 5 ml. of reaction mixture as 
a routine procedure. 

Other Sources of Biotinidase—Twenty crude or partially purified enzyme 
materials were tested at levels of 100 mg. of enzyme per 5 ml. of mixture 
containing 240 mygm. of SBB per ml., buffered at pH 6.8 with 0.04 m 
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phosphate and incubated at 37° for 1 hour. The following enzymes showed 
no measurable activity: pepsin, trypsin, pancreatin, pangestin, papain, and 
rennin (Difco products); pepsins 33 and H-14811 (Wilson); protease 15, 
pectin esterase, Rhozymes P-11 and S, and lipase A (Rohm and Haas) 
bacterial amylase and bacterial protease (Pabst); penicillinase (Schenley), 
Polidase S (Schwarz); Clarase (Takamine); and acetonized horse liver 
powder (Parke, Davis and Company). 

Three preparations other than the crude liver extract were found to be 
active. A purified Fusarium lipase (kindly supplied by F. F. Nord) was 
84 per cent as active as a water extract of liver on the dry weight basis, 
Water extracts of chick pancreas and hog kidney were also tested. The 
kidney extract was about as active as crude liver on a weight basis. The 
chick pancreas had only one-fifth the activity of the hog tissue extract. 

Release of Biotin from Whole Liver—Since the biotinidase and SBB prepa- 
rations both had their origin in hog liver, an effort was made to determine 
the conditions for the release of biotin from whole liver. 

A homogenate of fresh hog liver was divided into two portions, one of 
which was steamed for 15 minutes. Each half was divided into several 
portions and these were treated with crude and crystalline pepsin, crude 
and crystalline trypsin, and also left to autolyze without added enzyme. 
Those treated with pepsin were adjusted to pH 1.5, and those incubated 
with trypsin were run at pH 8.1. After 24 hours at 37° the only samples 
which showed appreciable free biotin were the unheated samples incubated 
with trypsin. Those treated with crystalline trypsin contained 52 per 
cent and those incubated with crude trypsin, 79 per cent of the total biotin 
in the free form. 

These data indicate that the biotinidase of liver is not alone sufficient 
for the release of biotin from whole liver, but that a proteolytic enzyme 
such as trypsin also must be present. The absence of free biotin in the 
pepsin-treated sample was probably due to inactivation of the liver en- 
zyme at pH 1.5. 

Cleavage of Other Substrates by Biotinidase—Since the biotinidase prepa- 
ration was a crude extract of liver, it would be logical to expect that the 
extract could hydrolyze other substrates than SBB. A water extract of 
the acetone-treated powder was tested against a number of peptides (kindly 
supplied by Dr. M. J. Johnson of this Department) and found to have 
peptidase activity for some peptides and not for others. For example, 
glycyl-pL-leucylglycine was rapidly split (53 per cent of a 0.05 m solution in 
20 minutes at 37°), whereas sarcosylglycine and glycylglycyl-p1-leucine 
were not altered measurably in that time. 

The extract also readily split ethyl acetate, triacetin, and biotin methyl 
ester; e.g., one-half of a 0.1 m solution of ethyl acetate was hydrolyzed in 39 
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minutes at 37°. Table II compares the hydrolysis of SBB with that of 
biotin methyl ester under identical conditions. In the interval between 
1 and 35 minutes, 1.4 per cent of the SBB was changed to free biotin, 
whereas 26 per cent of the ester was hydrolyzed. In the next 36 minute 
interval an additional 1.9 per cent of free biotin was released from SBB 
while 33 per cent more of the ester was split. The average rate of ap- 
pearance of free biotin in these intervals was about 18 times as fast with 
the ester. This is taken to mean either that a different enzyme was in- 
volved or that the more complex nature of the SBB substrate decreased 
the rate of hydrolysis. 


TABLE II 
Comparison of Release of Biotin from SBB and Biotin Methyl Ester Substrates 











| Free biotin 
Incubation 
period | 
| SBB* | dl-Biotin methyl estert 
min. | myugm. per ml. | per cent of total | mugm. perml. | per cent of total 
1 | 5 | 1.0 | 55 18 
35 12 2.4 | 140 43 
71 22 4.3 240 76 








*The SBB preparation furnished 520 mugm. of total biotin per ml. The incuba- 
tion was at 37° in 0.05 m phosphate at pH 6.8 with 1 ml. of a 25:1 water extract of 
acetone powder per 5 ml. 

t The dl-biotin methyl ester was initially 620 mygm. per ml., but only the d isomer 
of the free acid was available after acid hydrolysis. 


In the course of this work the activity of dl-biotin methyl ester for L. 
arabinosus was determined. As might be expected from previous work 
(9, 10), the ester had only slight activity. Only 4 per cent of the biotin 
present was available in an assay medium sterilized at pH 5.6 during a 72 
hour incubation period. 

Purification of Biotinidase—A separation of biotinidase from enzymes 
which act on defined substrates would indicate a substrate specificity. On 
the other hand, a purification of biotinidase parallel with the purification 
of an enzyme measured with another substrate or group of substrates would 
point to a similarity in chemical structure between SBB and the known 
substrate. 

Biotinidase preparations were fractionated by adding weighed portions 
of ammonium sulfate to measured volumes of aqueous liver extract and let- 
ting the solutions stand 15 minutes at 25°. They were then centrifuged for 
15 minutes at 3500 r.p.m., the supernatant solutions were discarded, and 
the pellets were resuspended in water to make the volumes equal to the 
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original volumes of enzyme solution. The analyses of the fractions ob- 
tained are recorded in Fig. 1. 

At a salt strength of 1.69 m, 27 per cent of the biotinidase was precipi- 
tated. The precipitate had no activity toward ethyl acetate, indicating 
that two different enzymes were involved in the splitting of SBB and ethy| 
acetate. The activity of this precipitate toward triacetin and biotin ester 
amounted to only 1.2 and 2.7 per cent, respectively, of the original potency, 
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AMMONIUM SULFATE (molarity) 
Fig. 1. Precipitation of enzymes with ammonium sulfate. Curve 1 represents 
biotinidase; Curve 2 the esterase with ethyl acetate as substrate; Curve 3 organic 
solids. 


In fractions precipitated by stronger salt concentrations, the ratio of bio- 
tinidase activity to that of the other enzymes was not so high but was con- 
stantly greater than unity. With the data of Fig. 1 as a guide, a fraction 
of biotinidase soluble in 1.6 M ammonium sulfate but precipitated by 2.2 
concentration was prepared. This material had an activity of 0.32 unit 
per mg. and represented a yield of 53 per cent of the original biotinidase. 
Fractionation by alcohol and acetone was also tried. No precipitation 
and no loss of biotinidase occurred in 10 per cent ethyl alcohol at 0°, but 
at 50 per cent all activity was lost. In contrast to these results 90 per 
cent of the esterase hydrolyzing ethyl acetate was precipitated by 50 per 
cent alcohol and without any appreciable destruction of the enzyme. The 
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marked differences in solubility and sensitivity of the enzymes acting on the 
two substrates suggested two different agents. 

Fractionation by means of acetone at 0° was possible within narrow 
limits. In 5 per cent acetone no precipitation occurred, but in 10 per cent 
acetone a 22-fold purification was effected and a 75 per cent yield was 
obtained. This fraction had an activity of 3.3 units per mg. of organic 
solids. Since the data indicate that biotinidase is not an esterase, it is 
tentatively assumed to be an amidase, hence the name biotinidase. 

Chromatography of SBB Hydrolysates—The biotinidase fraction precipi- 
tated by 2.2 m but soluble in 1.6 m ammonium sulfate was used for hy- 
drolysis of the standard SBB preparation, with and without added biotin. 
The first mixture contained only SBB equivalent to 320 mygm. of biotin 
per ml. The second mixture contained about half as much SBB as the 
first and added biotin to give a total of 310 mugm. per ml. The third 
combination contained only free biotin, 280 mygm. per ml. Samples of 
all three solutions were taken immediately after mixing and again after 
incubating for 16 hours and then assayed. 

Solution 1 contained 86 myugm. of free biotin, Solution 2 contained 240 
mygm., and Solution 3 had the same amount that was put in, 280 mygm. 
In Solution 1, 27 per cent of the SBB was converted to the free form and, 
in Solution 2, the conversion was about 60 per cent. As would be ex- 
pected, there was no change in the amount or form of the biotin in Solu- 
tion 3. 

The samples were also subjected to paper strip chromatography and 
subsequent incubation on a plate seeded with S. cerevisiae. In each case 
0.02 ml. of a solution consisting of 1 volume of incubation mixture and 1 
volume of ethyl alcohol was chromatographed. The bioautographs are 
given in Fig. 2. 

Strip 1 shows the position of the bound form of biotin and Strip 2 the 
presence of free biotin and a new component which moved slightly faster 
than the SBB found on Strip 1. This same component appears on Strip 4 
and seems to be a combined form of biotin. Strip 4 is of special interest 
because it shows that the biotin set free from SBB and the added free 
biotin are inseparable. It is rather unexpected to find only one residual 
form of bound biotin, viz. that having Rr values of 0.15 to 0.16. The bio- 
tinidase preparation undoubtedly contained peptidases which should have 
cleaved the peptide chains into biotin-carrying units of different lengths. 

Bioautographs with L. arabinosus (figures not given) showed that this 
organism responded only to one of the biotin-containing substances, viz. 
the one inseparable from d-biotin. This is consistent with the observa- 
tions of Wright et al. (11) who have shown that L. arabinosus is the most 
exacting of many lactic acid organisms studied with respect to the forms 
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of biotin which they can use. Among several biotinylamino acids tested, 
only N-biotinylglycine was active for this organism. 

Action of Biotinidase on Biocytin and Synthetic Biotin Compounds— 
Biotinidase purified by ammonium sulfate fractionation was tested in the 
usual manner for its ability to release biotin from biocytin concentrate 
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Fig. 2. Chromatographic separation of the biotin components produced by diges- 
tion of SBB with purified biotinidase. The drawings were made from contact photo- 
graphs of S. cerevisiae bioautographs. Strip 1 was made from the zero time sample 
of SBB-biotinidase mixture, and Strip 2 from the 16 hour sample of the same mixture. 
Strips 3 and 4 came from the zero and 16 hour samples of the SBB-biotin-biotinidase 
mixture, and Strips 5 and 6 correspond to the zero and 16 hour samples of the biotin- 
biotinidase mixture. All samples were spotted at 20 mm. and the solvent front rose 
to 380mm. The J, values are given at the right of each spot. 


(kindly supplied by Dr. Karl Folkers). After 180 minutes incubation, 50 
mygm. of free biotin or 89 per cent of the biotin in the biocytin had been 
set free. 

Two pure biotinyl compounds (also from Dr. Folkers) were tested. One, 
p-(N-biotinylamino)benzoic acid was hydrolyzed completely in 180 min- 
utes. The other, N-biotinyl-L-aspartic ethyl ester, was not attacked meas- 
urably in the same length of time. The second substrate may have re- 
mained unhydrolyzed because the carboxyl groups were esterified instead 
of being free. 
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SUMMARY 


The soluble bound biotin (SBB) contained in peptic digests of hog liver 
can be converted to a form of biotin (free biotin) available to Lactobacillus 
arabinosus by an enzyme extractable from fresh or acetonized hog liver. 
The enzyme has been named biotinidase. It occurs also in hog kidney 
and chick pancreas. . 

In 24 hours 79 per cent of the biotin of a liver homogenate was converted 
to free biotin by the combined action of liver enzyme and commercial 
trypsin. ‘Twenty crude or partially purified enzymes were tested for bio- 
tinidase activity. Only one, a purified Fusarium lipase, had any activity. 

Biotinidase was separated from esterases by fractional precipitation with 
ammonium sulfate. A 20-fold purification with a 73 per cent yield was 
obtained by precipitation with acetone. 

Biocytin and p-(N-biotinylamino)benzoic acid were hydrolyzed by bi- 
otinidase, but N-biotinyl-L-aspartic ethyl ester was not attacked by the 
enzyme. Biotinidase appears to be a peptidase type of enzyme. 
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SUBSTRATE SPECIFICITY OF BRAIN HEXOKINASE* 


By ALBERTO SOLS{ anp ROBERT K. CRANE 


(From the Department of Biological Chemistry, Washington University 
School of Medicine, St. Louis, Missouri) 


(Received for publication, February 8, 1954) 


Current theories of the mechanism of enzyme action include the hypothe- 
sis that the enzyme and its substrate combine, prior to reaction, into an 
easily dissociable enzyme-substrate complex. For enzymes utilizing poly- 
hydroxy compounds, such as glucose, this is a particularly attractive hy- 
pothesis inasmuch as it is possible to visualize hydrogen bonding between 
the enzyme and the substrate at several points, thus conferring on the 
union the rigidity in space necessary for stereochemical specificity of reac- 
tion! In the present paper, the substrate specificity of brain hexokinase 
has been studied with a view to finding which groups of the polyfunctional 
glucose molecule are possibly involved in the formation of a glucose-brain 
hexokinase complex and which groups influence phosphorylation. In all, 
thirty-five structurally related compounds have been tested. Of these, 
sixteen serve as substrates, five act as competitive inhibitors, and the re- 
mainder are apparently inert. By means of a comparison of the Michaelis 
constants (K,,) and the relative maximal rates of phosphorylation of these 
compounds it has been possible to estimate the relative influence of each 
hydroxyl group of glucose. 

Previous studies have established glucose, fructose, and mannose as sub- 
strates for brain (2), as well as for yeast (3, 4) hexokinase, and have shown 
the utilization by these enzymes of certain glucose derivatives; namely, 
glucosamine by brain (5) and yeast (6) and 2-deoxyglucose by yeast (7) 
hexokinase. A preparation of particulate brain hexokinase which is free 
of interfering enzymes, as well as a non-competitive inhibition of its ac- 
tivity by glucose-6-phosphate (8) and a competitive inhibition by ADP? 
(9), has been previously described. 


* Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
A preliminary report was presented before the Forty-fourth annual meeting of the 
American Society of Biological Chemists at Chicago, 1953. 

t Present address, Laboratorio de Enzimologia, Instituto de Fisiologia, Facultad 
de Medicina, Madrid, Spain. 

‘A comprehensive presentation of the theory of enzyme specificity for carbo- 
hydrates is to be found in a recent review by Gottschalk (1). 

*The abbreviations used throughout are ADP, adenosinediphosphate; ATP, 
adenosinetriphosphate; EDTA, ethylenediaminetetraacetic acid; NAGA, N-acetyl- 
glucosamine; TCA, trichloroacetic acid. 


581 





582 SPECIFICITY OF BRAIN HEXOKINASE 


Methods and Materials 


Particulate brain hexokinase was purified as described previously (8, 9), 
As before, 1 unit of enzyme is the amount that can catalyze the phos- 
phorylation of 1 um of glucose in 15 minutes at 30°. Activity was meas. 
ured by incubation of the enzyme with substrate, ATP, MgCl, and other 
additions, as described later, followed by analysis in one of the following 
ways: 

Sugar Disappearance—As described (8, 9), aliquots of barium-zine fil- 
trates (10) were analyzed by use of the Somogyi reagent (11) for ordinary 
hexoses, a modified Shaffer-Somogyi Reagent 60 (9, 12) for reducing deoxy 
sugars, the procedure of Roe et al. (13) for ketoses, or microtitration with 
hypoiodite (14) for aldoses. 

Labile Phosphorus Disappearance—Aliquots of the reaction mixture were 
heated in 1 N H.SO, at 100° for 11 minutes (15), any detectable turbidity 
was removed by filtration, and inorganic phosphorus was measured by the 
Fiske and Subbarow method (16). 

Stable Phosphorus Formation—The nucleotides and phosphate esters were 
quantitatively separated by the adsorption of the former on charcoal (17), 
TCA was added to a final concentration of 5 per cent, acid-washed Norit A 
charcoal (0.5 gm.) was stirred in, and the mixture was filtered. An aliquot 
of the filtrate was analyzed for inorganic phosphorus after 11 minutes 
heating at 100° in 1 n H,SO, and another aliquot was analyzed after wet 
ashing with sulfuric and nitric acids; the difference represented the ester 
phosphate formed. This procedure requires TCA, as some ester phosphate 
adsorbs on charcoal when mineral acids are used. 

Photometric Indicator Method—Phosphorylation by hexokinase, at nev- 
tral pH, is accompanied by the liberation of 1 H* ion per molecule of phos- 
phate transferred (15) and the resultant decrease in pH of the reaction 
mixture may be followed by spectrophotometric observation of the change 
in color of an indicator (18). The minor influence of pH on the activity 
of brain hexokinase (9) permitted use of a mixture of low buffer capacity, 
thus increasing the sensitivity of the method. 

4 ml. of a mixture neutralized to pH 7.2 and containing ATP, MgCh, 
and brom thymol blue, in amounts such as to give, when diluted to 5.0 ml., 
the respective concentrations of 0.0025 m, 0.005 m, and 0.003 per cent were 
mixed with 0.3 ml. of the substrate solution in a Klett-Summerson pho- 
tometer tube. Hexokinase (0.2 ml. of a suspension containing 10 to 20 
units per ml.) was added, the tube was stoppered, and the contents were 
mixed by inversion. The reaction was followed with a Klett-Summerson 
photometer, No. 56 filter. Readings were taken rapidly and the tubes 
were allowed to stand at room temperature (28°) between readings. The 
rate of reaction was measured by the reciprocal of the time required for a 
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decrease in optical density of 25 or 50 Klett units. Usually, there was no 
change in a blank without substrate. Calibration was achieved by ob- 
servation of the change in optical density caused by the complete utiliza- 
tion of 30 mum per ml. of mannose. Under the above conditions a change 
of 1 Klett unit approximates 1 mum per ml. of phosphate transferred. 

Brain hexokinase is stable in the above reaction mixture for about 1 
hour when a saturation level of substrate is present. Stability can, how- 
ever, be increased by the addition of 0.001 m Mg-EDTA (9) at some 
sacrifice in the sensitivity of the method. 

Corrections Applied—Hexokinase activity as measured by the first three 
methods above was corrected, when appropriate, for the effects of the ac- 
cumulation of an inhibitory phosphate ester (8, 19) or of ADP (9). 

Compounds Used—Glucosone was prepared from phenylglucosazone by 
the method of Briill (20). The concentration of glucosone in a solution 
of the amorphous vitreous product was calculated from the reducing value 


| with glucose as a standard. Other compounds were obtained either from 
| commercial sources’ or as gifts, and some of them were subjected to further 


treatment as follows: Fructose was recrystallized from methanol. Galac- 
tose was either treated with bakers’ yeast or recrystallized from 80 per 
cent ethanol. 2,5-Sorbitan-1,6-dibenzoate was recrystallized from ben- 
zne and converted to 2,5-sorbitan as described by Hockett et al. (21). 
The colorless semisolid was dissolved in water and treated with a deionizing 
resin (MB-1, manufactured by Rohm and Haas Company). The concen- 
tration of 2,5-sorbitan was calculated from the weight of an aliquot dried 
in vacuo over P.O; at 78°. Methyl 3-deoxy-4,6-hexahydrobenzylidene-a- 
p-glucoside was heated in 0.1 N HCl for 10 minutes at 100°. The concen- 
tration of 3-deoxyglucose in the neutralized hydrolysate was calculated 


3 ATP was obtained from the Pabst Laboratories, glucose from the Mallinckrodt 
Chemical Works, mannose, fructose, L-sorbose, xylose, sorbitol hydrate, lyxose, 
methyl a-p-glucopyranoside, and p-arabinose from the Pfanstiehl Chemical Com- 
pany, glucosamine hydrochloride and N-acetylglucosamine from the Nutritional 
Biochemicals Corporation, glucoheptulose, mannoheptulose, glucoheptose, and 
calcium gulosate from General Biochemicals, Inc., ribose from Hoffmann-La Roche, 
galactose from the Eastman Kodak Company, glucono-1,5-lactone from Chas. Pfizer 
and Company, Inc., 1-thioglucose from the Schering Corporation, 1,4-sorbitan from 
the Atlas Powder Company, and 7-inositol from the Corn Products Refining Com- 
pany. 

‘We are indebted to Dr. F. B. Cramer for 2-deoxyglucose and glucal, to Dr. E. 
Hardegger for B-1,2,3,4-tetraacetyl-6-deoxyglucose, to Dr. R. C. Hockett for 2,5- 
sorbitan-1 ,6-dibenzoate, to Dr. H. S. Isbell for allose, to Dr. F. A. Kuehl, Jr., for 
pentaacetyl-N -methyl-a-p-glucosamine, to Dr. J. Larner for a-glucose-1-phosphate, 
to Dr. T. Reichstein for methyl 3-deoxy-4,6-hexahydrobenzylidene-a-p-glucoside 
synthesized by Dr. M. Gut, to Dr. N. K. Richtmyer for 1,5-sorbitan, 1,5-mannitan, 
allose, and altrose, to Dr. J. Sowden for 3-O-methylglucose, and to Dr. M. L. Wolfrom 
for 2-O-methylglucose and methyl 8-p-glucopyranoside. 
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from the reducing value with 2-deoxyglucose as a standard. 6-Deoxy- 
glucose was recovered from 8-1 ,2,3,4-tetraacetyl-6-deoxyglucose by hy- 
drolysis in N HCl for 90 minutes at 100°. Glucosamine hydrochloride 
solutions were neutralized immediately prior to use. Calcium gulosate was 
treated with K.SO, to remove the calcium. Crystalline N-methylglucos- 


TaBLe [ 


Competitions for Brain Hexokinase and Methods Used to Evaluate K,, 





Compound Methods used 
Substrates 

Glucose NAGA, fructose, direct 
1,5-Sorbitan Direct, NAGA 
1,5-Mannitan na _ 
Glucoheptulose Fructose 
Mannoheptulose ag NAGA, direct 
Arabinose Direct, xylose, NAGA 
Mannose NAGA, direct, fructose 
2-Deoxyglucose Direct, NAGA 
Glucosamine NAGA, fructose 
Fructose | Direct 
2,5-Sorbitan - NAGA, xylose 
Allose | 7 = 
Altrose | NAGA, fructose 


3-Deoxyglucose | ™ 

Galactose Direct, NAGA, xylose 

Glucosone Fructose, NAGA 
Competitive inhibitors | 


N-Acetylglucosamine | Fructose 
N-Methylglucosamine 7 
6-Deoxyglucose sg 
Xylose | - 
Lyxose - 


NAGA, inhibition of phosphorylation by NAGA; xylose, inhibition of phos- 
phorylation by xylose; fructose, inhibition of phosphorylation of fructose; direct, 
effect of substrate concentration on the rate of phosphorylation. 


amine hydrochloride was prepared from pentaacetyl-N-methyl-a-p-glucos- 
amine as described by Kuehl et al. (22). Carbohydrates except L-sorbose 
were of the p series. 


EXPERIMENTAL 


Evaluation of Michaelis Constants—The substrates and competitive in- 
hibitors of brain hexokinase are listed in Table I, together with the method 
of K,, evaluation used for each. When possible, K,, for a substrate was 
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evaluated by observing the effect of substrate concentration on the initial 
rate of phosphorylation. When this was not possible, K,, was evaluated 
either (1) from competitive inhibition by NAGA or (2) from competitive 
inhibition of fructose phosphorylation. The K,, values of NAGA and the 
other competitive inhibitors were evaluated by the latter method. Es- 
timations of K,, for NAGA by inhibition of other substrates gave essentially 
the same value. For the purpose of K,, evaluation, glucoheptulose and 
mannoheptulose were treated as competitive inhibitors inasmuch as they 





@ FRUCTOSE 
AFRUCT, + 0.01I5M. XYLOSE 


OFRUCT, + 0.00! M. NAGA 











l | i 1 J 


2 





| 
5 X10 


Fig. 1. The effect of fructose concentration on the rate of phosphorylation and 
its inhibition by NAGA and xylose. 


were phosphorylated only 1 per cent or less as rapidly as fructose. It may 
be noted that the interrelationships shown in Table I leave little doubt 
that a single enzyme is being studied. 

A few experiments which illustrate the methods used for K,, evaluation 
are described below. 

Fructose, NAGA, and Xylose—The effect of the concentration of fructose 
on the rate of phosphorylation is shown in Fig. 1. The data are plotted 
according to Lineweaver and Burk (23) and indicate a value of 1.6 K 10° m 
as K,, of fructose. It may be mentioned that similar experiments carried 


>A value of 1.4 X 10-* m for K,, of fructose has been reported by Wiebelhaus and 
Lardy (24) and of approximately 7 X 10-‘m by Harpur and Quastel (5). Both studies 
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out with commercial (not recrystallized) fructose yielded an average value 
of 7 X 10-*m as K,, of fructose, a result which indicates the presence in the 
commercial fructose sample of about 1 per cent of glucose or a smaller 
proportion of a mixture of glucose and mannose. 

Competitive inhibition of fructose phosphorylation by NAGA and xylose 
is shown by data also plotted in Fig. 1. The K,, values are 8 X 10° y 
for NAGA and 2 X 10- o for xylose. 

Mannose and Glucose—Attempts at the direct quantitative estimation of 
K,, of mannose or of glucose* for brain hexokinase have been uniformly 
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Fig. 2. The effect of mannose concentration on the rate of phosphorylation as 
measured with the photometric indicator method. 


unsuccessful, owing to the exceptionally low K,, values for these sugars 
and the limited sensitivity of the available analytical methods. An ex- 
periment with mannose as carried out with the photometric indicator 
method is shown in Fig. 2 ag an illustration of the method, as well as of the 
procedure for calibration described under “Methods and materials.” In 
this experiment about 85 per cent of the maximal rate was obtained with 
3 X 10-° m mannose, but the total amount of sugar at this concentration 


were carried out on extracts of acetone powders of brain with a manometric method. 
Harpur and Quastel (5) also showed that NAGA inhibits brain hexokinase. 

6 Estimates of K,, of glucose by sugar disappearance or manometric methods have 
been generally recognized as too high (5, 24, 25), owing to the large proportional 
utilization of substrate at the lower concentrations. K,, values of 1 X 107‘ m (}) 
and 5 X 10-5 m (25) have been reported by others and a value of 2 X 1075 M was 
obtained in this study with the aid of the Park and Johnson (26) micromethod of 
sugar determination. 
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was only enough for a change of 30 Klett units. The optical density 
change with the smaller concentrations of sugar needed to complete the 
concentration curve would be smaller and not accurate. Thus, it was 
necessary to use competitive inhibition with NAGA at 10 to 20 times molar 
excess in order to obtain the K,, value. The K,, for glucose was obtained 
in a similar manner. 

Glucosamine—Throughout the pH range of optimal activity of brain 
hexokinase, pH 6 to 8 (9), glucosamine exists both as the free base and as 
the glucosammonium ion, and under our experimental conditions the value 
of pK’ appears to be about 7.5. The suitability of glucosamine as a sub- 
strate for brain hexokinase is, moreover, pH-dependent in a way that 
strongly suggests that the enzyme has a negligible affinity for the glucosam- 
monium ion. The inhibition of fructose phosphorylation by glucosamine, 
but not by NAGA, decreases from pH 7.8 to 6.2. Also, estimation of Ky 
by a sugar disappearance method is hindered because the barium-zine 
treatment of the reaction mixture removes some free glucosamine, and the 
extent of removal is pH-dependent. Accordingly, K,, was evaluated with 
the photometric indicator method in the following way: Mixtures of ATP, 
MgCl, indicator, and glucosamine were prepared just prior to use and 
brought to the pH values of 8.4, 7.4, and 6.5 with, respectively, thymol 
blue, phenol red, and brom thymol blue as the indicator. The activity 
of brain hexokinase was tested in each mixture with and without added 
NAGA, and the K,, at each pH value was calculated by Equation 7 of 
Ebersole et al. (27). After correction of these values for the pH change 
during the reaction, the K,, at pH 7.5 was obtained by interpolation. 

Identification of Substrates—As it is frequently observed that crystalline 
preparations of sugars and sugar derivatives contain several per cent of an 
impurity such as glucose, it was essential to insure that an impurity did not 
account entirely for the results obtained. Accordingly, for each substrate, 
conditions were chosen to produce a high per cent utilization of the sample. 
The results are given in Table II. For eleven compounds more than 95 
per cent utilization was achieved, and, for the remainder, the reported value 
is far in excess of any probable impurity and is not the maximal attainable; 
the kinetics show that longer incubation would have produced greater utili- 
zation. 

The phosphorylation of galactose by hexokinase is novel. The com- 
mercial sample of this sugar contained 3 to 4 per cent of an easily phos- 
phorylated impurity, presumably glucose. Removal of the impurity by 
recrystallization or treatment with yeast yielded a material which under 
the usual test conditions appeared not to be phosphorylated. However, 
under conditions of high enzyme concentration and high galactose con- 
centration, phosphorylation proceeded readily and with linear kinetics (8, 9). 

Evaluation of Inert Compounds—The omission in Table III of both K,, 
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values and relative rates for certain of the compounds listed indicates that 
at high concentrations they neither inhibit fructose utilization nor are 
themselves phosphorylated. These compounds may be regarded as inert, 
although this classification is arbitrary in that the inertness may, in some 
cases, reflect the limitations of the test conditions and of the analytical 
methods. The purposes of the study are served, however, by a comparison 
of these apparently inert compounds with structurally related compounds 














TaBLeE II 
Extent of Observed Utilization of Various Substrates 
Compound | Amount added | Enzyme Rn Behe J 
um perml. | units per ml. "a 
eee eRe kee | 2 | 5 0.5 >95 
ES ee Cee ere | 13 | 5 0.5 >95 
Practose............... . | 1.2 5 0.5 >95 
2-Deoxyglucose........... a 4 3 0.5 >95 
I rae 55 5 Kay wos xy vi | 2 5 05 | >95 
IEEE COTE EEE CTE | 6 | 20 5 >95 
DG -Bettiten®: . 2... 2. sess | 3 12 3 | >95 
REMI icicccveuwnuvesd | 3 12 3 >95 
as el eda sad 122.5 | 30 3 | 9a 
ie ia tla ie cea alata 12.5 | 30 3 64 
3-Deoxyglucose........... eee 6 35 | 2 80 
Glucoheptulose................ 4 50 5 >95 
Mannoheptulose........... mer 12.5 70 5 >95 
EE ere ery 10 500 8 61 
| el ea RE SE | 10 500 8 26 
ne EPs | 2 700 8 >95 





* Non-reducing compounds. Utilization of these was measured by labile phos- 
phorus disappearance. Utilization of the other compounds was measured by sugar 
disappearance. In all cases there was an adequate excess of ATP, an optimal MgCl; 
concentration, a metal-binding agent, and buffer. Incubation was at 30°. 





which are not inert. The phosphorylation coefficient (see Table IIT and 
below) for these compounds indicates the sensitivity of the test conditions 
and is a maximal value. It may be mentioned that tests for phosphoryla- 
tion of the competitive inhibitors listed in Table I were carried out under 
conditions assuring the detection of phosphorylation rates less than 0.0001 
that of glucose. None was observed. 

With glucono-1 ,5-lactone and gulose the data are not conclusive. The 
rapid hydrolysis of glucono-1 ,5-lactone in the pH range in which hexokinase 
is active precludes obtaining data over long periods of incubation. How- 
ever, negative results from short experiments at pH 6 indicate inertness 
for this substance. The gulose preparation used produced, at high con- 
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TaBLe III 
Michaelis Constants and Relative Maximal Rates 


























Mole | Compound ee ea > 
(1) (2) (3) (4) (5) 
Cw moles per l. 
| Glucose 8 x 10-6 1.0 1.0 
1 | 1,5-Sorbitan 3 X 10°? 1.0 0.3 X 10-3 
1,2 1,5-Mannitan | 2X 0 0.9 0.35 X 10-3 
1 | Glucoheptulose | 2x 10-¢ 0.006 | 0.25 X 10-3 
1,2 | Mannoheptulose | 5 X 10-5 0.015 | 0.25 x 107? 
1,2 | Fructose Bs. 6 ee ie 0.8 X 10-2 
1,2 | 2,5-Sorbitan | 0.15 | 0.08 | 0.4 X 10-5 
1,2 | Arabinose | 2 | 0.1 | 0.4 X 10-8 
1 | Methyl a-glucoside | t t | <10-6 
1 ‘¢ — B-glucoside t t | <10-¢ 
1 1-Thioglucose | t <10-8 
1,2 Glucal t | t <10- 
1 | a-Glucose-1-phosphate t t <10-5 
1 | Glucono-1,5-lactone t t <10-5 
D) Mannose 5 X 107° 0.4 0.65 
2 2-Deoxyglucose | 2.7xX 10° | 1.0 0.3 
9 Glucosamine | 8 X 10-5§ | 0.6 0.6 X 107 
2| Glucosone | 1X 10-5 | 0.08 0.6 X 107 
2 | N-Acetylglucosamine | 8 X 105 t <10-5 
2 | N-Methylglucosamine | 2X 10-4 t <10-5 
2 2-0-Methylglucose t | t <10-* 
3 Allose (7zxznw 0.5 0.55 X 10-8 
3,2 Altrose | 3x10-2 | 0.11 0.3 X 10-3 
3-Deoxyglucose 15x10? | 0.2 0.1 X 1073 
3-O-Methylglucose | t | t <10-5 
Galactose | 0.1 | 0.02 0.15 xX 10-5 
3 Gulose | q t q 
5,4 1,4-Sorbitan t | i <10-° 
5, 1 L-Sorbose | t | t <10-6 
6 6-Deoxyglucose |} 2X 10° t <10-¢ 
6 Xylose | 3x ie> | t <10-6 
6, 2 | Lyxose | 1.38 X 10-3 | t <10-¢ 
6,3 | Ribose t t <10-6 
| Sorbitol t t | <10-¢ 
Glucoguloheptose t t | <10-* 
| 7-Inositol t t | ar 





*The K,» values are not corrected for pyranose-furanose equilibrium. 
t Relative maximal rates are based on the initial rates or rates corrected for 


inhibition by the reaction products (8, 9, 19). 


In those instances in which a saturat- 


ing substrate concentration could not be used, the maximal rate was obtained by 
extrapolation of values obtained at lower concentrations. 


t Undetectable; see the text. 


§ At pH 7.5; see the text. 


|| The position of the double bond in glucosone is not known with certainty. 


{ Not estimated; see the text. 
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centrations, a small non-competitive inhibition owing, probably, to a cop. 
taminant. This result nullified efforts to obtain clear evidence of inertness 

Product of Hexokinase Reaction—There is no reason to doubt that. all of 
the phosphorylations observed in this study produce a 6-phosphate ester 
(or its homologue) as shown previously to be the case for glucose, fructose, 
and mannose (2) and glucosamine (6). The following results with the less 
common sugars are consistent with this proposition: The product of galae- 
tose phosphorylation is resistant to hydrolysis in 1 N HCl at 100° in the 
manner characteristic of the aldose-6-phosphates. The product of arabj- 
nose phosphorylation contains equimolar quantities of acid-stable phos. 
phorus and pentose (28) and the kinetics of pentose color development are 
similar to those reported for pentose-5-phosphates by Albaum and Umbreit 
(29). The reducing value to the Somogyi reagent is 50 per cent that of 
glucose. The product of mannoheptulose phosphorylation consumes 5 
moles of periodate (30) in 21 hours, whereas free mannoheptulose consumes 
6 moles. 


RESULTS AND DISCUSSION 


The compounds tested, together with the respective K,, values and rela- 
tive maximal rates, are listed in Table III (Columns 3 and 4). The phos- 
phorylation coefficient (Column 5) is evaluated by means of the formula 


V max. (substrate) Kn (glucose) 
Vmax. (glucose) K,, (substrate) 





Phosphorylation coefficient = 


It gives the sensitivity required in test conditions, as well as the physio- 
logical suitability of a substrate for hexokinase. For ease of comparison, 
the compounds are grouped, as indicated by the numerals in Column 1, 
with respect to the carbon atoms at which the structure differs from that 
of glucopyranose. 

Ring Structure of Substrates—Glucopyranose is used as the reference sub- 
strate inasmuch as glucose is the physiological substrate for brain hex- 
okinase, as well as the substrate with the highest phosphorylation coeff- 
cient (Column 5, Table III). Also, utilization (Column 4) of 1 ,5-sorbitan 
but not of 1,4-sorbitan nor sorbitol indicates that the enzyme phosphoryl- 
ates only the pyranose form. By analogy, it seems reasonable to assume 
that the pyranoid form of the other hexoaldoses, as well as of the hep- 
tuloses, is the active form. Also, the proportion of the furanose modifica 
tion is probably very small in the aldoses tested other than galactose, 
arabinose, and ribose (31). 

Previous studies (2, 32) have established that only the furanose modifica- 
tion of fructose is phosphorylated by hexokinase. This is confirmed by 
the utilization (Table III) of 2,5-sorbitan and arabinose. Since the con- 
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centration of fructofuranose in equilibrated solutions is probably of the 
order of 20 per cent of the total fructose (33), it follows that the K,, of 
fructose (Table III) is about 5 times the K,, of the substrate, fructo- 
fyranose. Similarly, the K,, of arabinose is higher than that of the sub- 
strate, arabinofuranose. 

With respect to the pentose structures, the results (Table III) are con- 
sistent with the homomorphology of the sugars.’? p-Arabinose, for ex- 
ample, is homomorphous with fructose and altrose and is phosphorylated. 
p-Ribose in solution is homomorphous with allose and psicose’ and is ap- 
parently inert, whereas the predominant forms of the competitive inhibitors 
p-xylose and p-lyxose are homomorphous with glucose and mannose, re- 
spectively. 

Influence of Hydroxyl Groups on Enzyme-Substrate A ffinity—The inter- 
pretation of the data in Table III in terms of enzyme-substrate affinity is 
limited to use of the K,, values. This limitation is made because the values 
for relative maximal rate reflect not only enzyme-substrate association but 
also interaction of the enzyme-substrate complex with ATP. Owing to the 
possible influence of the rate constant of product formation in the ob- 
served value of K,,, some explanation is desirable. Other investigators 
(34, 35) have devised a coefficient which includes both K,, and maximal 
rate data in order to express in relative terms the affinity of an enzyme for 
aseries of substrates. Recently, however, it has been shown on theoretical 
grounds (36) that evaluation only of K,, and maximal rate cannot lead to 
an unambiguous ordering of relative affinities; additional information is re- 
quired. In the present study, K,, for the substrates was found to be es- 
sentially independent of the method of evaluation used (Table I). This 
fact is interpretable to mean that the K,, values in Table III, except as 
correction for inactive isomers may be necessary, closely approximate 
enzyme-substrate dissociation constants or that these constants are pro- 
portionately influenced by the respective rate constants of product forma- 
tion. K,,, then, with brain hexokinase appears to be an appropriate 
measure of affinity. ‘The phosphorylation coefficient is formally similar 
to the maximal proteolytic coefficient of Neurath and collaborators (34, 
35), but it is not similar in meaning. Rather it may be compared with the 
“selectivity constant” used in early fermentation studies (37). 

The influence of the several hydroxyl groups on enzyme-substrate af- 
fnity may be seen by comparing the K,, value of glucose with those of the 
glucose epimers and the respective deoxy derivatives. It should be em- 


' Calculation of an approximate K,, value for a pentose may be made by comparing 
homomorphs in the following way: pentose is to homomorphous hexose as xylose is 
toglueose. Psicose which was not tested has the following relationship: psicose 
is to fructose as allose is to glucose. 
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phasized that consideration also of the deoxy derivative is essential to the 
decision why an epimer of glucose differs from glucose in K,, and relative 
maximal rate. The possibilities are (1) the removal of a binding group 
from one side of the molecule and (2) the introduction of a sterically hinder. 
ing group on the other. 

Clearly shown by the data in Table III is the fact that none of the 
hydroxyl groups of glucose is specifically essential for enzyme-substrate 
affinity, although affinity is significantly influenced by four of them, 
Only at carbon 2 does inversion or removal of the hydroxyl group have a 
negligible influence on the K,, value. Indeed, affinity is relatively unaf- 
fected by substitution at carbon 2 of an amino group or of the larger 
N-acetylamino or N-methylamino groups. N substitution of glucosamine 
does, however, abolish phosphorylation. 

The orientation of the hydroxyl group at carbon 1 appears to have little 
influence on the enzyme-substrate affinity of glucose. In agreement with 
Gottschalk (33) no significant difference in the rate of phosphorylation of 
a- and 6-glucose can be detected.’ Also, the K,, values of these forms are 
probably nearly the same.’ However, absence of the hydroxyl group at 
carbon 1 yields, as in the 1 ,5-hexitans, a compound with a more than 2000- 
fold greater K,, value than glucose. This result is strongly suggestive of 
interaction between the carbon 1 hydroxyl group of glucose and the en- 
zyme. Of additional interest with respect to carbon 1 is the fact that the 
presence at this carbon atom of the large hydroxymethyl group, as in the 
heptuloses, has comparatively little influence on the K,, value despite a 
large influence of the same substituent on phosphorylation rate.° 

Comparison of the data from allose, altrose, and 3-deoxyglucose with 
those from glucose suggests that the hydroxyl group at carbon 3 of glucose 
is a binding group in an enzyme-substrate complex. The data for carbon 
4, on the other hand, do not permit a similarly unique interpretation, 
inasmuch as results with the deoxy derivative have not been obtained. 
However, the profound influence of hydroxyl group inversion at carbon 4 
on both K,, and relative rate is striking. The high K,, of galactose may, 
as in the examples above, be attributed to the elimination of the binding 
group present in glucose. The reduction in rate, however, may indicate 
that the carbon 4 hydroxyl of galactose is juxtaposed with the terminal 
hydroxyl in such a way as to interfere sterically with phosphorylation. 

Carbon 5 of glucose carries no hydroxyl group. However, it is of in- 
terest that the presence of a hydroxyl group at this position in a related 


8 A. Sols and R. K. Crane, unpublished observations. 

9 The effect on rate of hydroxymethyl] substitution at carbon 1 may reflect a steri¢ 
interference by this large group of phosphorylation at carbon 6 (carbon 7 of the 
heptulose). Fisher-Hirschfelder models indicate that steric interference is possible 
for the anomer which is, structurally, 1-hydroxymethy]l a-p-hexopyranose. 
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compound prevents enzyme-substrate association. L-Sorbose, structurally 
the 5-hydroxy derivative of 1,5-sorbitan, is inert. 

The results obtained with 6-deoxyglucose, xylose, and lyxose seem to in- 
dicate that the hydroxyl group at carbon 6 of glucose is involved to some 
extent in the enzyme-substrate complex formation in addition to its func- 
tion as the phosphate acceptor portion of the molecule. 

Methyl Glucosides and O-Methylglucoses—The fact that the methyl de- 
rivatives of glucose are inert (Table III) is of interest in that this result 
cannot be explained on the basis either of the elimination of a hydroxyl 
group or the introduction of a sterically hindering group. Were these the 
only possibilities, it could be expected that the data obtained with methyl 
gucosides would resemble, in Km, those obtained with 1,5-sorbitan and, 
in relative maximal rate, those with glucoheptulose. Similarly, the data 
obtained with 2-methylglucose would resemble those with N-acetyl- or 
N-methylglucosamine. Apparently, another explanation must be sought. 
Owing to the nucleophilic character of the methoxy group, the suggestion 
(1) that an alteration of electrostatic forces within the pyranose ring ser- 
iously impairs enzyme-substrate affinity seems to have some merit as a 
possible explanation. 

Conclusions—The data support the conclusion that formation of a glu- 
cose-brain hexokinase complex involves the ring structure and the hydroxyl 
groups at carbon atoms 1, 3, 4, and 6. They suggest, also, the conclusion 
that each hydroxyl group has a specific quantitative influence on enzyme- 
substrate affinity. This clearly is parallel to previously noted examples 
with other enzymes having polyfunctional substrates (1). The data are 
as yet too few to show clearly whether differences in K,, values among 
hexokinases reflect variations in the specific quantitative influence on affin- 
ity of one or more hydroxyl groups. 

It seems worthwhile to point out that 2-deoxyglucose possesses distinct 
advantages over glucose as a substrate for experimental studies with crude 
preparations of brain and other tissue hexokinases. The phosphate ester 
formed from 2-deoxyglucose is not inhibitory (19) and it is not a substrate 
for either phosphohexoseisomerase or glucose-6-phosphate dehydrogenase.® 
Thus, the use of 2-deoxyglucose isolates the hexokinase reaction. 


We wish to express our thanks to Professor Carl F. Cori for his con- 
tinued interest and support in this investigation and to Dr. Mildred Cohn 
for her criticism of the manuscript. 


SUMMARY 


1. The substrate specificity of particulate brain hexokinase has been 
studied by observation of the effect on K, and maximal phosphorylation 
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rate of a series of compounds representing substitution or modification at 
each carbon atom of the glucose molecule. 

2. Sixteen compounds, including 5- and 7-carbon sugars and non-redye- 
ing compounds, have been found to be phosphorylated, although their 
suitability as substrates for brain hexokinase varies over a wide range, 
Five compounds have been found that act as competitive inhibitors. 

3. The data support the conclusion that the specificity of brain hex. 
okinase involves the ring structure and the hydroxyl groups at carbon 
atoms 1, 3, 4, and 6 of the glucose molecule. 
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THE NON-COMPETITIVE INHIBITION OF BRAIN 
HEXOKINASE BY GLUCOSE-6-PHOSPHATE AND 
RELATED COMPOUNDS* 


By ROBERT K. CRANE anp ALBERTO SOLS 


(From the Department of Biological Chemistry, Washington University 
School of Medicine, St. Louis, Missouri) 


(Received for publication, February 8, 1954) 


A non-competitive inhibition by glucose-6-P! of brain (1, 2) and other 
animal tissue (1) hexokinases has been described, as well as a similar in- 
hibition of brain hexokinase by t-sorbose-1-P (3). The present paper is 
concerned with the specificity for inhibition of brain hexokinase by glucose- 
6-P and related compounds. By means of a comparison of the structures 
of twenty-five compounds, six of which are inhibitors, it has been possible 
to define this specificity. The substrate specificity of brain hexokinase 
was described in the preceding paper (4). 


Materials and Methods 


The enzyme preparations, ATP, and substrates used are the same as 
those described in the preceding paper (4). Glucose-6-P, as the crystal- 
line heptahydrate of the barium salts,? was obtained from the Sigma Chemi- 
cal Company, as was glucuronic lactone. Solutions of the lactone were 
prepared with an initial excess of alkali to insure complete hydrolysis to 
the free glucuronate and were then neutralized to pH 7.5. Fructose-1 ,6- 
diP, as the barium salt, was obtained from the Nutritional Biochemicals 
Corporation. We are indebted to Dr. H. A. Lardy for L-sorbose-1-P, to 
Dr. J. Larner for a-glucose-1-P, to Dr. T. Posternak for 8-glucose-1 ,6- 
diP, to Dr. H. Z. Sable for xylose-5-P and ribose-5-P, and to Dr. E. W. 
Sutherland for a sample of a-glucose-1 ,6-diP synthesized by Dr. T. Pos- 
ternak. Galactose-6-P was synthesized by the method of Levene and 
Raymond (5) and gluconate-6-P as described by Seegmiller and Horecker 
(6). A preparation of methyl a-glucoside-6-P was made by the 60° in- 


* Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
A preliminary report was presented before the Forty-fourth annual meeting of the 
American Society of Biological Chemists at Chicago, 1953. 

} Present address, Laboratorio de Enzimologia, Instituto de Fisiologia, Facultad 
de Medicina, Madrid, Spain. 

'Glucose-6-phosphate. This convention will be used throughout. ATP = adeno- 
sinetriphosphate; ADP = adenosinediphosphate. 

?The barium salts were converted to the potassium salts by reaction in solution 
with potassium sulfate. 
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cubation method of King et al. (7). It contained approximately 67 per 
cent pyranoside, 28 per cent furanoside, and 5 per cent unchanged glucose. 
6-P. Fructose-6-P was prepared enzymatically by the action of purified 
(phosphohexoseisomerase-free) brain hexokinase (1) on fructose in the 
presence of excess ATP, MgClo, and buffer. The ester was isolated from 
the reaction mixture by means of barium and alcohol fractionation (8), 
Glucoheptulose-7-P was similarly prepared from glucoheptulose, except 
that the residual nucleotides were removed by adsorption on charcoal (9) 
before the barium and alcohol precipitation. 1 ,5-Sorbitan-6-P was pre- 
pared by the action of purified (ATPase-free) yeast hexokinase on 1,}- 
sorbitan and isolated similarly to glucoheptulose-7-P. In this experiment, 
about 800 units*® of yeast hexokinase catalyzed the formation of 216 uy 
of 1,5-sorbitan-6-P from 300 um of 1 ,5-sorbitan and 325 um of ATP in 20 
hours at 30° and pH 8.0. 

Other esters were prepared enzymatically but were not isolated before 
use. This was done as follows: A known amount of the substrate to give 
the desired ester was incubated together with a large excess of ATP and 
enzyme until analysis showed complete utilization of the substrate. A 
second substrate was then added and the reaction was again followed and 
compared to a control in which an equivalent amount of an ester known to 
be non-inhibitory, e.g. 2-deoxyglucose-6-P, had been previously formed to 
assure equality of such factors as ADP accumulation. 

The conditions of incubation and the methods of analysis used are the 
same as those previously described (1, 4, 10). K,; values were calculated 
with the formula K; = (1)/(Vo/V; — 1). 


RESULTS AND DISCUSSION 


The data obtained by Weil-Malherbe and Bone (2) with crude extracts 
of brain suggested that inhibition by glucose-6-P was independent of both 
glucose and ATP concentrations. With the purified particulate enzyme 
it has been possible to obtain clearer evidence that the inhibition is non- 
competitive. The data in Table I show that glucose-6-P inhibition does 
not vary over a 100-fold range of glucose concentrations. Other data’ 


31 unit of enzyme catalyzes the formation of | um of glucose-6-P in 15 minutes at 
30°(1, 10). 

‘ Wajzer (11) reported experiments with a photometric indicator method of hexo- 
kinase assay showing a competitive inhibition of yeast hexokinase by hexose-6-phos- 
phates. This result was apparently simulated (1) by the buffering capacity of the 
relatively large amounts of hexose-6-phosphates added and (2) by the use of fructose 
concentrations below the saturation level for yeast hexokinase. With other methods 
of determination of hexokinase activity, yeast hexokinase (in contrast to brain 
hexokinase) was not found to be inhibited by relatively high glucose-6-P concentra 
tions with glucose as substrate (1, 2, 12). 

5 Crane, R. K., and Sols, A., unpublished observations. 
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show that over a smaller range of ATP concentrations the extent of in- 
hibition is likewise constant. The concentration of enzyme does not in- 
fluence the inhibition. 

The inhibition of brain hexokinase by glucose-6-P has the characteris- 
tics of a reversible formation of an enzyme-inhibitor complex (1) and the 
Michaelis constant (K,) for glucose-6-P is approximately 4 xX 10~ M, as 
shown by the data for glucose and some other substrates in Table II. The 


TABLE [| 


Independence of Glucose-6-P Inhibition of Glucose Concentration 





Glucose Glucose-6-P Phosphorylation per 0.1 ml. enzyme* 
uM per mi. uM per ml. Klett units 
20 0 96 
20 0.45 38.5T 
0.2 0.45 | 37 .5t 





* The photometric indicator method was used in the usual way (4). The values 
given are for 12 minutes. Owing to buffering by glucose-6-P, percentage inhibition 
cannot be calculated from these data. 

¢ The actual values were 77 and 75 obtained with 0.2 ml. of enzyme. 





TaBLeE II 
Glucose-6-P Inhibition of Phosphorylation of Various Substrates 








Substrate Glucose-6-P Per cent inhibition | Ki 

ere. ‘pupeal. | ee as 
Glucose. . . . ; | 0.5 58 3.8 X 10-4 

a 0.4 | 50 4x 10-4 
2-Deoxyglucose 0.4 | 47 4.5 X 10-4 
Mannose... . <, 0.5 | 28 1.3 X 10°? 
Glucosamine. ...... 1.5 64 | 8.4 X 10-4 
Arabinose. . 0.4 | 50 | 4 xX 10-4 





* Obtained by an analysis of the kinetics of glucose phosphorylation (1). 


finding of higher values for K; with mannose and glucosamine as substrates 
is not due to random error. Relatively higher values with mannose as 
substrate have been consistently observed not only with glucose-6-P as 
the inhibitor, but also with L-sorbose-1-P and 1,5-sorbitan-6-P. In an 
attempt to find an explanation for this phenomenon, it was further ob- 
served that phosphorylation of mannose as well as of glucose could be 
almost completely inhibited by high concentrations of glucose-6-P. The 
former was inhibited about 90 per cent and the latter about 95 per cent by 
5 X 10 m glucose-6-P. Also, added mannose-6-P had no effect on in- 
hibitions by glucose-6-P. 
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Evidence accumulating over the past several years (2, 1, 10) shows that 
glucose is the only one of the group, glucose, fructose, mannose, and 
2-deoxyglucose, that forms an inhibitory ester in the hexokinase reaction 
and indicates that the glucose configuration at carbon 2 is essential for the 
inhibitory properties. An interesting result of this requirement is that g 
pair of substrates which are epimers at carbon 2 may be distinguished by 
the kinetics of their phosphorylation. The kinetics of glucose phosphoryl. 





4.07 OL S-MANNITAN 


@1,5-SORBITAN 


3.0F 


MICROMOLES STABLE-P FORMED 
Nw 
9 
i 








1 1 1 1 l 1 1 1 
20 40 60 80 
MINUTES 
Fig. 1. The kinetics of phosphorylation of 1,5-mannitan and 1,5-sorbitan by 
brain hexokinase. 1.1 units of enzyme, 10 um of ATP, 5 um of MgCle, 15 um of K:80,, 
16 um of tris(hydroxymethyl)aminomethane, pH 7.3, and 25 um of 1,5-mannitan or 
1,5-sorbitan, as indicated, in a total volume of 1 ml. incubated at 30°. The plotted 
values have been corrected for ADP inhibition. 





ation have been described previously and shown to be parabolic as the re- 
sult of the accumulation of glucose-6-P (1). Mannose, on the other hand, 
is phosphorylated with linear kinetics when inhibition by ADP is taken 
into account (10). The further example of the epimers 1,5-mannitan and 
1,5-sorbitan is given in Fig. 1. The utilization of 1,5-mannitan was 
linear, while that of 1 ,5-sorbitan was parabolic, owing to inhibition by the 
accumulated 1 ,5-sorbitan-6-P. 

With this information, a study of a number of phosphate esters struc- 
turally related to glucose-6-P was undertaken. The results are summs- 
rized in Table III. It was not possible to study such a wide concentration 
range as in the preceding study of substrate specificity, and of the twenty- 
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five compounds tested only six were found to be inhibitory. It is possible 
that some others of the compounds listed in Table III would prove to be 
inhibitory at much higher concentrations. 

The most striking characteristic of the results in Table III is that not 
one of the twelve compounds differing at carbon 2 from glucose-6-P is 
inhibitory. Thus, it is clear that the glucose configuration at carbon 2 is 
essential for activity. A modification at carbon 1 of glucose, on the other 
hand, except for methylation, does not, solely of itself, eliminate the in- 
hibitory properties of the ester. Additional factors such as the configura- 
tion of the substituent appear to play a major réle. For example, both 
1,5-sorbitan-6-P and a-glucose-1,6-diP are inhibitors of nearly the same 
potency as glucose-6-P, in sharp contrast to the relative weakness of 1 ,5- 
sorbitan and the inertness of a-glucose-1-P as substrates for hexokinase (4). 
The absence, then, of inhibitory properties in 6-glucose-1 ,6-diP and gluco- 
heptulose-7-P seems likely to be related, as indicated by models, to a 
steric interference with the phosphate on carbon 6 by the large group in 
the 8 position at carbon 1. It is not known with certainty which anomer 
of the heptuloses predominates in solution nor which is phosphorylated. 
However, it seems probable from the data presented here and in the pre- 
ceding paper (4) that the substrate for hexokinase is the a anomer and 
that the product of the reaction is, structurally, 1-hydroxymethyl a-glu- 
cose-6-phosphate. With respect to the effect of a methyl group, it was 
shown in the preceding paper that methylation of glucose at carbons 1, 
2, or 3 produced a compound inert as a substrate. Similarly, methyla- 
tion, at least at carbon 1, of glucose-6-P produces a compound inert as 
an inhibitor. As discussed previously (4), the size of the resulting methoxy 
group, in relation to the size of the groups in other and active compounds, 
does not explain the inertness of methyl a-glucoside-6-P. 

At carbon 3, inversion or replacement by hydrogen of the hydroxyl 
group decreases the mutual affinity of the ester and the enzyme approxi- 
mately 10-fold, indicating a minor influence of the carbon 3 hydroxyl group 
of glucose-6-P on the enzyme-inhibitor complex. A comparison with the 
much greater (1000-fold) effect of the same hydroxyl group on enzyme-sub- 
strate affinity (4) suggests that this hydroxyl group influences enzyme- 
inhibitor affinity by virtue of its modification of the affinity of the hydroxyl 
group on one of the neighboring carbon atoms. Effects of this kind in 
enzyme-substrate affinity have been suggested by Gottschalk (13). 

The carbon 4 epimer of glucose-6-P, namely galactose-6-P, is not in- 
hibitory. However, it cannot be concluded from this result that the hy- 
droxyl group at carbon 4 of glucose-6-P is one of the attaching groups in 
the enzyme-inhibitor complex. As discussed also in the preceding paper 
(4), the effect of 4-deoxyglucose-6-P on the enzyme must be known before 





TaBLe III 
Effect of Glucose-6-P and Related Compounds on Phosphorylations by Brain Hezxokingsy 





























Modisied at | , | Ester | Per cent | mi. 
cndien he. | Ester Substrate o—- | — | Ki* 
our od. moles per |. 
Glucose-6-P | 4X 10-4 
1 | 1,5-Sorbitan-6-P 2-Deoxyglucose 0.67 | 38 1 X 10° 
1 | a-Glucose-1,6-diP ” 0.6 | 47 7X 10 
1 B-Glucose-1 ,6-diP ” 1.0 ot 
1 Glucoheptulose-7-P a 8.6 0 
1 Methyl a-glucoside-6-P ” 3.8 0§ 
2 Mannose-6-P Mannose 8.5] 0 
2 2-Deoxyglucose-6-P Glucose 1.0 0 
2 Glucosamine-6-P - 1.5 0 
2, 1 Fructose-6-P 2-Deoxyglucose | 2.5 0 
2,1 2,5-Sorbitan-6-P 2,5-Sorbitan 13]| 0 
2,1 Fructose-1 ,6-diP 2-Deoxyglucose 1.8 0 
2,1 1,5-Mannitan-6-P 1,5-Mannitan 4.0] 0 
2,1 Mannoheptulose-7-P Mannoheptulose | 2.0] 0 
2,1 Arabinose-5-P Arabinose 5.5]| 0 
2,3 Altrose-6-P 2-Deoxyglucose 7.5 0 
2, 3,1 | Ribose-5-P om 2.0 0 
2,3, 4,1 | Xylose-5-P se 3.3 0 
3 Allose-6-P | 2-Deoxyglucose 9.2 58 7X lo 
3 | 3-Deoxyglucose-6-P | Mannose 3.2 14 2X 10? 
4 | Galactose-6-P as 20 0 
5, 1 L-Sorbose-1-P | 2-Deoxyglucose 0.45 | 40 7X 10° 
6, 1 | a-Glucose-1-P es 2.5 0 
No ring | Gluconate-6-P ag 1 0 
ine | Glucuronate ” 2 0 











* The values given are rounded off to the nearest whole number. Averages taken 
from a larger body of additional data are not significantly different from these values. 

t From the data given in Table II. 

{11 per cent inhibition actually observed. This inhibition would be completely 
accounted for by the presence of 4 per cent glucose-6-P or 8 per cent a-glucose- 
1,6-diP. 

§ 37 per cent inhibition observed and accounted for by the known presence of 
0.2 um of unmethylated glucose-6-P. 4.0 um of total ester phosphate were added in 
this experiment. An equivalent acid-hydrolyzed sample (1 N HCl, 60 minutes, 
100°) produced more than 97 per cent inhibition. 

|| These experiments were carried out by observations on the kinetics of the phos- 
phorylation. The absence of inhibition was deduced from the observed linear ki- 
netics (see Fig. 1). The ester concentration shown is that found at the end of incu- 
bation. ADP inhibition (10) and the effect of a change in saturation with substrate, 
when appropriate, were taken into account. The other experiments were carried 
out with ester added at the concentration shown. Hexokinase activity was measured 
by sugar disappearance except for the non-reducing substrates in which case labile 
P disappearance was used. 
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a conclusion can be drawn. The hydroxyl group at carbon 4 of galactose 
may interfere sterically with the position of the phosphate at carbon 6 
and thus the formation of the enzyme-inhibitor complex. 

The inhibition of brain hexokinase by t-sorbose-1-P (i.e. 1-deoxy-5-hy- 
droxyglucose-6-P) was first described by Lardy et al. (3) using a soluble 
hexokinase in fractionated extracts of acetone powders of beef brain. 
t-Sorbose-1-P inhibits also (Table III) the particulate preparations used 
in the present study. However, the degree of inhibition found by Lardy 
et al. was such as to indicate a K; value approximately 10 times lower than 
that given in Table III. In recent studies with an apparently soluble 
enzyme prepared from particulate brain hexokinase’ the K; values for 
glucose-6-P and 1 ,5-sorbitan-6-P have been found to be about 6 times lower 
than those given in Table III. Thus, the particulate association of the 
brain enzyme appears to impose some restriction on the access of the in- 
hibitors to the enzyme. This is not true for particulate heart hexokinase 
(14). Also, tests indicate that those esters (Table III) inactive towards 
particulate brain hexokinase are likewise inactive towards the apparently 
soluble preparations. 

The need for phosphate at carbon 6 is well illustrated by the absence of 
inhibition of phosphorylation by glucose itself (1) and it is confirmed by the 
inertness of a-glucose-1-P. Also, it appears from the absence of inhibition 
with glucuronate that a carboxyl group will not replace phosphate. The 
monovalent glucose-6-P anion is also not inhibitory (10). 

With respect to the ring structure, it may be pointed out that 1 ,5-sorbi- 
tan-6-P and a-glucose-1,6-diP are, respectively, a single molecular species 
in solution and they are both in the pyranose form. It seems highly prob- 
able that the pyranose structure is required, inasmuch as when no ring is 
present (gluconate-6-P) inactivity results. 

These data indicate that only the hydroxyl groups at carbons 2 and 4 
and the phosphate at carbon 6 may be attaching groups in the enzyme- 
inhibitor complex. Also, comparison of the present data for inhibitors 
with those given in the previous paper for substrates leaves no doubt that 
the inhibitor attaches to a different combination of groups on the enzyme 
than does the substrate. This is clearly shown by Fig. 2. Since the dif- 
ference between substrates and inhibitors with respect to the substituent 
at carbon 6 rules out a common point of attachment to the enzyme at this 
carbon, it is apparent that only carbon 4 is common to both specificities. 
The specificities are so dissimilar as to be nearly complementary. Thus, 
it is clear, contrary to the hypothesis of Weil-Malherbe and Bone (2) which 
proposed that glucose-6-P inhibited at the site of its formation, that the 
mechanism of inhibition must involve, after the formation of the ester, 
the release of the ester from its site of formation followed by a reattach- 
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H20H 
O 
H H 
HO OH 
C) 
H OH H OH 
SUBSTRATE INHIBITOR 


Fia. 2. Comparison of the substrate and inhibitor specificities of brain hexo- 
kinase. The Haworth formulas for glucose and glucose-6-P are drawn with each 
atom of the ring and carbon 6 represented by a circle. The solid circle is used if the 
evidence indicates that the hydroxyl group on that atom is an attaching group in the 
enzyme-substrate or enzyme-inhibitor complex or that the glucose configuration 
at that carbon is essential; the open circle if it does not. The importance of the 
oxygen atom is unknown. 
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Fig. 3. Inhibition of purified brain hexokinase by 1,5-sorbitan-6-P. Each tube 
contained 3 um of 2-deoxyglucose, 10 um of ATP, 5 um of MgCl, 25 un of histidine, 
25 um of tris(hydroxymethyl)aminomethane, 1 um of ethylenediaminetetraacetate, 
1,5-sorbitan-6-P, as shown, and enzyme. The pH was 7.0 and the temperature was 
30°. The duration of incubation was lengthened as the inhibitor concentration was 
increased to provide enough utilization of substrate for accurate measurement. All 


the values were corrected for duration of incubation and for ADP inhibition (10). 


The sugar disappearance method was used. 
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ment to the inhibitor site where its presence interferes with the transfer 
of phosphate to the substrate. It is interesting that glucose-6-P is the only 
one of these inhibitory compounds which is available biologically in sig- 
nificant amounts. This fact appears to lend some support to the hypothe- 
sis (1) that inhibition by glucose-6-P, where present, is part of an intrinsic 
cellular mechanism for the control of the rate of the hexokinase reaction. 

The inhibition by 1,5-sorbitan-6-P is of particular interest from an ex- 
perimental point of view. This compound is not utilizable by the enzymes 
of glucose metabolism, it has no reducing group, and its inhibition of hex- 
okinase with respect to concentration follows, as shown in Fig. 3, the 
titration of a binding site on the enzyme. It is, thus, suitable for the 
specific inhibition of hexokinase in crude tissue homogenates. A partial 
hydrolysis of 1 ,5-sorbitan-6-P by phosphatase causes no interference be- 
cause of the small affinity of hexokinase for 1 ,5-sorbitan and the absence 
of reducing power in the sugar analysis methods. 

It is further suggested that it is possible to use brain hexokinase and the 
various combinations of phosphorylation rate, K,, and inhibition by the 
product, or the lack of these, as a tool for the identification of a variety of 
monosaccharides and their derivatives. 


The authors wish to express their thanks to Professor Carl F. Cori for 
his continued interest and support of this investigation. 


. 


SUMMARY 


1. The specificity of purified particulate preparations of brain hexokinase 
with respect to non-competitive inhibition by glucose-6-phosphate and re- 
lated compounds has been studied. 

2. A comparison of the structures of twenty-five compounds, six of which 
are inhibitors, supports the conclusion that the formation of the enzyme- 
inhibitor complex involves the pyranose ring structure, the hydroxyl groups 
at carbons 2 and 4, and the phosphate group at carbon 6. 

3. The data indicate that brain hexokinase possesses, in addition to the 
binding sites for substrates and adenosinetriphosphate, a third specific 
binding site for glucose-6-phosphate. 
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MAMMALIAN CONVERSION OF OCTAMETHYLPYROPHOS- 
PHORAMIDE TO A TOXIC PHOSPHORAMIDE N-OXIDE* 


By J. E. CASIDA, T. C. ALLEN, anp MARK A. STAHMANN}{ 


(From the Departments of Biochemistry and Entomology, College of Agriculture, 
University of Wisconsin, Madison, Wisconsin) 


(Received for publication, April 9, 1954) 


The interest in octamethylpyrophosphoramide (schradan) as a systemic 
insecticide (1-3) and in the treatment of myasthenia gravis (4) emphasizes 
the need for a better understanding of its mode of toxic action. Exposure 
of mammals to schradan leads to death, with the typical symptoms of 
acetylcholine poisoning after a definite lag period (5, 6). Yet schradan is 
only about one-millionth as effective a cholinesterase inhibitor in vitro as 
other anticholinesterase drugs with similar toxicity to mammals (7). This 
suggested a metabolism in vivo which was supported by the finding of 
an anticholinesterase in the blood of treated rabbits (7). Conversion of 
schradan by rat and rabbit liver slices in vitro to a cholinesterase inhib- 
itor has been demonstrated by several workers (5-8). Technical schradan 
preparations contain various components which have been studied in detail 
(9), including a weak anticholinesterase agent which is rapidly destroyed 
by incubation with liver homogenates, but this material is not the same 
as the liver slice metabolite (8). The conversion of schradan in vivo ap- 
pears to occur only in the liver (5, 10, 11). 

An oxidative conversion has been suggested for this reaction in view of 
the high oxygen tension necessary for efficient production of the active 
metabolite by liver slices (5). Gardiner and Kilby (7) consider the me- 
tabolism of schradan to yield a reactive phosphorylating, anticholinesterase 
agent, possibly through the “fission of the P—O bond and the replacement 
of the —O—P(NMe:): portion by some group X such that the P—X bond 


* Approved for publication by the Director of the Wisconsin Agricultural Experi- 
ment Station. This investigation was supported in part by the Research Committee 
of the Graduate School from funds supplied by the Wisconsin Alumni Research 
Foundation. 

t We are indebted to J. M. Magner, K. L. Godfrey, and the Monsanto Chemical 
Company for their encouragement, aid, and a generous supply of schradan for this 
study, to Dr. A. B. Chapman and many other staff members of the Genetics and 
Animal Husbandry Departments for their enthusiastic cooperation in obtaining the 
animals essential for this study, and to Dr. G. C. Mueller, Dr. M. J. Johnson, Dr. V. 
W. Meloche, and Dr. G. T. Harvey for their helpful advice. The technical student 


assistance of W. B. Rathbun, G. T. Bryan, and R. E. Shenefelt is gratefully acknowl- 
edged. 
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is a labile and reactive one; it might, for example, be an acetate or a phos. 
phate group.” 

We have recently shown that the mammalian metabolite of schradan 
inhibits the esterase activity of chymotrypsin in a similar manner and jp 
the same concentration range as a chemical oxidation product with amine 
oxide-like properties (12). This schradan metabolite from mammals ap. 
pears to be the same as that formed in schradan-treated plants and jn 
insects (13, 14), and that initially produced by oxidation with neutral 
permanganate (15). In this study, further evidence is presented which 
indicates that the active material is a novel type of oxidation product which 
contains the new phosphoramide N-oxide group. A preliminary summary 
of these findings has been published (16). 


Methods 


Octamethylpyrophosphoramide was obtained by purification of the tech- 
nical commercial product. This material was fractionally distilled, heated 
in 0.1 N aqueous sodium hydroxide at 80° for 30 minutes, cooled, and 
extracted into chloroform. The chloroform extract was distilled and the 
fraction boiling between 134.5-135° at 1.0 mm. was used in this investiga- 
tion. 

Chymotrypsin! activity was determined manometrically at 37° with 
0.025 m L-tyrosine ethyl ester as the substrate. The enzyme concen- 
tration was 0.445 y of enzyme nitrogen per ml.; the pH was 6.25 and was 
maintained by 0.021 m NaHCO; and 100 per cent CO, in the gas phase, 
Isotonic KCl stabilized the system and gave a constant rate of CO, evo- 
lution for 50 minutes (220 ul. total). With a 30 minute assay time, enzyme 
concentration was proportional to CO, evolution from 0.1 to 1.0 y of en- 
zyme nitrogen per ml. At completion of substrate hydrolysis, 840 ul. of 
CO, had been evolved with no apparent interference from tyrosine precipi- 
tation. The inhibitors for chymotrypsin were incubated with the enzyme 
in 0.02 m phosphate buffer, pH 6.25, at 4° for 16 hours prior to assay. 
This incubation period minimized errors owing to differences in the com- 
bination rates of the various inhibitors with chymotrypsin. 

Cholinesterase activity was assayed manometrically according to the 
method of DuBois et al. (5) with rat brain homogenates as the enzyme 
source (25 mg. wet weight of tissue in 2 ml. of total liquid volume per 
flask). Comparisons were made on the basis of total activity over a 30 
minute period, at which time CO, evolution was proportional to tissue 
concentration. Inhibitors of cholinesterase were incubated with the tissue 
homogenates for 60 minutes at 37° prior to addition of the substrate. 


1 Crystalline material obtained from Armour and Company and the Worthington 
Biochemical Corporation. 
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Octamethylpyrophosphoramide was estimated by the method of Casida 
etal. (17) in which the interfering materials were first destroyed by alkaline 
hydrolysis, and the pyrophosphoramide was then extracted into chloroform, 
and finally degraded by acid hydrolysis to orthophosphate which was esti- 
mated colorimetrically. 

Formaldehyde was determined by a modification of the chromotropic 
acid method of Krueger (18). The formaldehyde-yielding material in 2.0 
ml. of water was chilled in an ice bath and 2.0 ml. of concentrated sulfuric 
acid were added dropwise from a burette. Then 0.2 ml. of 7 per cent 
chromotropic acid solution was added and mixed with the contents of the 
tube. The color was developed by placing the tubes in a boiling water 
bath for 30 minutes. After cooling the tubes, the absorbance was meas- 
ured at 570 mu. When interfering materials were encountered, a distil- 
lation of the formaldehyde was employed. Polyoxymethylene was used 
as a standard. 


EXPERIMENTAL 


The experiments on conversion of octamethylpyrophosphoramide to an 
anticholinesterase by liver slices (5-8) were confirmed. When tested 
against chymotrypsin, schradan per se caused no appreciable inhibition in 
concentrations as high as 1.5 m. The supernatant fluids from liver slices 
incubated with schradan were tested for chymotrypsin inhibition and a 
very effective inhibitor was found. Both cholinesterase and chymotrypsin 
were inhibited by this product, but the amount of inhibitor required for 
cholinesterase inactivation was only about 3 per cent of that required to 
inactivate chymotrypsin. It was necessary to incubate the active metabo- 
lite and the chymotrypsin together for at least 50 minutes at 30° prior to 
assay to achieve maximal inhibition. This combination of inhibitor and 
enzyme was shown to be irreversible, since the inhibited chymotrypsin 
could not be reactivated on standing or by dialysis. Lineweaver-Burk 
plots (Fig. 1) showed both a slope and intercept increase in the presence 
of the inhibitor in the general manner reported for non-competitive inhib- 
itors. This indicated that the active antiesterase formed when schradan 
was incubated with liver slices inhibited chymotrypsin in a similar manner 
to tetraethyl pyrophosphate (TEPP) and certain other antiesterases re- 
quiring no metabolic conversion (19). 

Metabolite Formation—A method was needed to produce the liver me- 
tabolite of schradan in sufficient amounts for purification studies. In 
working with liver slices, it was found that tissue from mice, rats, rabbits, 
dogs, sheep, swine, and cattle was all effective. Yet when the tissue was 
homogenized (20), the liver was no longer effective. No appreciable con- 
version could be effected even when these homogenates were fortified with 
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various combinations of adenosinetriphosphate, triphosphopyridine ny. 
cleotide, diphosphopyridine nucleotide, flavin adenine dinucleotide, hexose 
diphosphate, glucose-6-phosphate, cytochrome c, and boiled muscle extrac} 
(21) by the general experimental method of Mueller and Miller (22). The 
most efficient system for producing the schradan metabolite proved to be 
the following: 

Young rats were killed by brain concussion and liver samples were im. 
mediately transferred to ice-cold isotonic Krebs-Ringer phosphate (pH 6.5) 





0.03-- 


SCHRADAN ° 
METABOLITE \ 


° 
° 

N 
T 







“\_ No 


INHIBITOR 








| | it l 
ce) 50 100 1590 200 250 
VE 

Fig. 1. Lineweaver-Burk plot for chymotrypsin inhibition by schradan liver 
metabolite. Enzymatic activity was determined for 20 y of chymotrypsin per flask 
on tyrosine ethyl ester substrate. O, the inhibitor present in 0.100 ml. of the super- 
natant fluid from a 2 hour incubation of schradan with liver slices was added to the 
chymotrypsin; A, no incubation time was allowed for metabolite formation after 
addition of the schradan. 





solution containing 0.05 m glucose. The livers were rapidly sliced (20) 
and about 4 gm. of surviving slices were added to 20 ml. of a buffer con- 
taining 10-? m schradan in a 125 ml. Erlenmeyer flask. The flask was 
then gassed with 100 per cent oxygen, stoppered, and placed on a slow 
reciprocating shaker for 4 hours at 30°. The resulting suspension was then 
centrifuged and the supernatant fluid extracted three times with an equal 
volume of chloroform. This stock chloroform extract was then concer- 
trated and used for further study or purification. Based on formaldehyde 
analysis, yields of 0.1 to 0.5 per cent of the metabolite were usually ob- 
tained, although considerably higher yields resulted by utilizing very low 
concentrations of schradan and a large excess of liver slices. Preparations 
of the anticholinesterase did not lose activity appreciably during 6 months 
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storage in anhydrous chloroform at 4°. When treated with acid, the ac- 
tive preparations always liberated formaldehyde and the antiesterase activ- 
ity in all cases appeared to be directly related to the amount of formalde- 
hyde recovered. 

Solvent Fractionation—Further purification was achieved by solvent frac- 
tionation in a twenty-five tube counter-current distribution (23). When 
achloroform-water system was employed, the major phosphorus-containing 
peak due to unmetabolized schradan was separated from the enzyme inhib- 
itor. The active metabolite appeared coincidentally with a shift of the 
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Fig. 2. Counter-current distribution of schradan liver metabolite with a methyl- 
ene chloride-water system. All analyses based on 1.0 ml. aliquots of the methylene 
chloride phase by the methods previously discussed. A, total phosphorus; 0, 


formaldehyde liberated by acid; O, cholinesterase inhibition; and @, chymotrypsin 
inhibition. 


partition coefficient based on phosphorus content from 7 to 1.7, suggesting 
that the active material was characterized by this lower distribution into 
chloroform. When the aqueous and chloroform layers were each analyzed 
for formaldehyde liberated by acid, a similar partition coefficient of 1.7 
was found for the active formaldehyde-liberating material. 

With a methylene chloride-water solvent system a better separation oc- 
curred (Fig. 2). Again the inhibitory activities were partially separated 
from the unchanged schradan. Analysis for formaldehyde liberated by 
acid degradation gave a peak which was coincident with that for cho- 
linesterase and chymotrypsin inhibition. These results indicate that the 
active metabolite contains some group which liberates formaldehyde on 
treatment with acid and that this material is associated with both the 
chymotrypsin and cholinesterase inhibition. 
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Chemical Nature of Active Metabolite—In the formation of the active 
metabolite from schradan the pyrophosphate structure was maintained 
intact. Evidence for the anhydride structure was shown by extraction 
into chloroform from aqueous solutions, the instability in alkali, and the 
irreversible combination with the enzyme chymotrypsin. The activation 
of schradan involved an oxidation, since the activity was always associated 
with a formaldehyde-yielding material. 

An indication as to how the oxygen might be added to schradan so that 
it would yield formaldehyde on treatment with acid was first obtained by 
distribution studies between chloroform and aqueous solutions buffered at 
different pH values. In the range of pH 0.5 to 13, the distribution of 
schradan was unaffected by hydrogen ion concentration. On the other 
hand, the chloroform-water partition coefficient of the active metabolite 
decreased from 1.6 at pH 7 to about 1.0 at pH 2 or below. Evidently these 
distribution differences were not due to instability of the metabolite, since 
the active material could be almost completely recovered by rapidly read- 
justing the solutions to neutrality at the end of the experiment. This be- 
havior would indicate that the metabolic product has weak basic prop- 
erties not possessed by schradan. In the counter-current distribution 
analysis, it was found that as the purification progressed the yield of for- 
maldehyde liberated from the products increased and a maximal value of 
0.96 mole of formaldehyde per mole of pyrophosphate was found. These 
accumulated observations suggest that the metabolic activation involved 
the oxidation of the nitrogen of only one dimethylamino group of schradan. 

Further evidence that the activation involved the oxidation of the amide 
nitrogen was obtained by oxidation with permanganate as has been pre- 
viously reported (12, 15). The initial chemical oxidation product and the 
liver metabolite were identical in every way in respect to formaldehyde 
liberation, inhibitory activity on cholinesterase, and chymotrypsin and 
distribution characteristics in three pairs of solvents. 

Infra-red analysis was made on a sample of the liver metabolite of 15 
per cent purity (formaldehyde and phosphate analyses) and compared 
with the spectrum of the original schradan. A strong new absorption peak 
appeared at 5.90 » when schradan was metabolized by liver or oxidized with 
permanganate; a similar peak is present in triethylamine oxide and tr- 
ethylamine oxide dihydrate but not in triethylamine (24). Other changes 
in the spectral curve included new peaks at 7.22 and 9.05 u. 

Properties of Active Metabolite—By using formaldehyde analyses for es- 
timating the concentration of the mammalian metabolite of octamethyl- 
pyrophosphoramide, its activity as an enzyme inhibitor was compared 
with that of TEPP and diisopropyl fluorophosphate (DFP) as shown in 
Table I. TEPP is one of the most effective inhibitors of cholinesterase 
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known (25). The poor anticholinesterase effect of DFP under these con- 
ditions may be due to its slow combination rate with the enzyme (26). For 


TaBLeE I 
Effectiveness of Schradan Metabolite As Enzyme Inhibitor 


Molar concentration for 50 per cent enzyme inhibition 
Chemical 


| Rat brain cholinesterase | Crystalline chymotrypsin 


Octamethylpyrophosphoramide*. 


1.5 X 10° >i 
Liver metabolite of schradanf... 3.6 X 1077 2.4 X 10-5 
Tetraethyl pyrophosphatet 1.5 X 10-9 1.0 X 10-5 
Diisopropyl fluorophosphate§ 1.0 X 10-5 2.9 X 10-¢ 


* Purified as indicated under ‘‘Methods.”’ 

+ Molar concentration based on formaldehyde analysis. 

tSample from the Victor Chemical Company, labeled as 40 per cent tetraethyl 
pyrophosphate and 100 per cent active ingredients. 

§ Obtained through the courtesy of Dr. W. H. Summerson, Chief, Biochemistry 
Section, Medical Division, Army Chemical Center, Maryland. 
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Fig. 3. Hydrolytice stability of schradan liver metabolite as a function of pH. 
The curves represent the per cent of residual metabolite after 34 hours at 37° as meas- 
ured by cholinesterase inhibition and formaldehyde liberation from the phosphora- 
mide N-oxide. Buffers utilized were those shown in Umbreit et al. (21). Following 
incubation, all solutions were adjusted to pH 7.4 by the addition of 2 m phosphate 
buffer and extracted with chloroform to remove the non-hydrolyzed metabolite, and 
standard aliquots of the chloroform extract were analyzed. 


chymotrypsin, DFP is the most effective inhibitor that has been reported, 
TEPP ranking second (19). The data in Table I show that, whereas 
schradan has only low inhibitory activity, it is biologically converted to a 
metabolite which is active in blocking the esterase activity of these two 
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enzymes in the same concentration range as the very active DFP ang 
TEPP. When the active liver metabolite was considered to be the phos. 
phorus-containing material that was extracted by chloroform prior to but 
not after alkaline hydrolysis, it was also found to be about half as active 
in inhibiting chymotrypsin as was TEPP. 

The hydrolytic stability of the active metabolite is indicated in Fig. 3, 
The maximal stability is apparent at about pH 8 with a rapid decrease jn 
stability below neutrality or above pH 10. When the alkalinity of the 
solution was further increased, the compound was found to be very un- 
stable, its half life at pH 13 being less than 2 minutes at 25°. 


DISCUSSION 


The most reasonable interpretation of these results is that schradan js 
enzymatically oxidized in vivo or chemically oxidized by permanganate at 
one of the amide nitrogens to produce an entirely new type of a functional 
group for which we propose the name phosphoramide N-oxide. The chen- 
ical properties of the phosphoramide N-oxides appear to be somewhat sim- 
ilar to those of the amine oxides in that both are unstable, yield an aldehyde 
and secondary amine or phosphoramide on decomposition, and display 
weak basic properties. The oxidation of schradan to yield a highly ef- 
fective anticholinesterase agent might be represented as in the accompa- 
nying diagram. 


O 
(CH;)2N O O N(CHs): (CH;)2N O O N(CHs;): 
NI - NI 
r—O—?P a’ PP 
ey Yd \ : 
(CH;)2N N(CHs)2 (CH;)2N N(CHs)2 
Schradan Monophosphoramide N-oxide of 


schradan 


We have chosen to designate the enzyme system involved in this ox- 
dation as the phosphoramide oxidase system. On the basis of its distribu- 
tion, sensitivity to inhibitors, and instability, it would appear that. this 
enzyme system involved in schradan oxidation is different from the “tr- 
methylamine oxidase” which O’Brien and Spencer (27) suggest may be 
responsible for the oxidation. Some factor involved in this system ap- 
pears to be very labile, since the activity of the liver is lost rapidly following 
the death of the animal, and homogenates proved inactive even when fort- 
ified with coenzymes and high energy sources. The phosphoramide oxidase 
system is widely distributed in nature; we have found it in all of the bac- 
teria, yeasts, insects, plants, and mammals that we have examined. Fur- 
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ther evidence that trimethylamine oxidase is not involved in this oxidation 
but rather that a new oxidative system may be responsible for schradan 
activation is the observation that inhibitors did not affect the oxidation 
of trimethylamine and schradan by cockroach gut tissue in the same man- 
ner (27). 

It appears that the oxidation of schradan to the monophosphoramide 
N-oxide of octamethylpyrophosphoramide in vivo and the inhibition of 
cholinesterase by this metabolite can explain the majority of the observa- 
tions concerning the mammalian toxicity of schradan. This metabolite 
could be isolated from the liver of treated animals and inhibited acetylcho- 
linesterase in vitro at concentrations of 3 X 10-7 m. The new positive 
center of the phosphoramide N-oxide may not only attract electrons from 
the anhydride bond to make it a reactive acylating agent but also might 
possibly help orient the metabolite at the anionic cholinesterase site so that 
it could more readily phosphorylate the enzyme at the adjacent esteratic 
site. 


SUMMARY 


Octamethylpyrophosphoramide (schradan) is oxidatively converted in 
vivo by mammals or in vitro by liver slices to a very effective anticholin- 
esterase. The formation of a new type of functional group, the phos- 
phoramide N-oxide, is proposed to explain the properties of this anti- 
esterase. The toxicity of schradan to mammals appears to be due to its 
conversion to the unstable monophosphoramide N-oxide of octamethyl- 
pyrophosphoramide. 
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A NEW PHOSPHORYLATED INTERMEDIATE IN 
GLUCOSE OXIDATION* 


By JOSEPH MacGEEf anp MICHAEL DOUDOROFF 
(From the Department of Bacteriology, University of California, Berkeley, California) 


(Received for publication, April 29, 1954) 


A new biochemical pathway for the oxidative metabolism of glucose has 
recently been described in Pseudomonas saccharophila (1). It involves the 
phosphorylation and oxidation of glucose to 6-phosphogluconic acid and the 
subsequent enzymatic split of 6-phosphogluconic acid with formation of 
pyruvic acid and p-glyceraldehyde-3-phosphate in stoichiometric amounts. 
A similar mechanism has since been found in Pseudomonas fluorescens (2). 
The hypothesis was advanced (1) that 6-phosphogluconic acid might un- 
dergo an enzymatic dehydration and rearrangement to 2-keto-3-deoxy-6- 
phosphogluconic acid, which would then be split by a modified aldolase 
reaction analogous to that described by Racker for the synthesis of deoxy- 
ribose phosphate (3). 

Two enzymatic activities have been separated from cell-free extracts of 
P. saccharophila. Phosphogluconic dehydrase converts 6-phosphogluconic 
acid to a phosphorylated keto acid, but does not further attack this com- 
pound. The splitting enzyme has no effect on 6-phosphogluconic acid, but 
rapidly splits the keto acid to pyruvic acid and p-glyceraldehyde-3-phos- 
phate. The preparation and properties of the new intermediate compound, 
which appears to be 2-keto-3-deoxy-6-phosphogluconic acid, will be de- 
scribed in the present paper. 


Methods 
Preparation of Crude Enzymes 


It was found that cells of P. saccharophila grown with sucrose as substrate 
were as good a source of the enzymes attacking 6-phosphogluconic acid as 
were those of the glucose-utilizing mutant strain used in earlier work (1). 
The normal “wild type” strain was therefore used in the present studies. 
The cells were grown in a medium containing 2.5 gm. of sucrose, 1 gm. of 
NH,Cl, 0.5 gm. of MgSO,-7H20, 0.05 gm. of ferric ammonium citrate, and 
0.005 gm. of CaCl,-2H.0 per liter of 0.033 m KH.PO.-NasHPO, buffer at 
pH 6.8. Incubation was at 30° with aeration on a rotary shaker. The 


*These studies were aided by a contract between the Office of Naval Research, 
Department of the Navy, and the Regents of the University of California. 

} Fellow of the National Science Foundation, 1953-54. Present address, Depart- 
ment of Bacteriology, University of Illinois, Urbana, Illinois. 
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cells were harvested in the early stationary phase, washed, ground with} 
times their wet weight of levigated alumina, and extracted with 4 time 
their original wet weight of 0.033 m maleic acid-tris(hydroxymethy]) amino. 
methane buffer at pH 7.0. The alumina and cell débris were removed by 
centrifugation. 

Crude preparations of the phosphogluconic dehydrase were obtained by 
slowly adding 1 volume of absolute ethanol at 0° to the extract and remoy. 
ing the precipitate by centrifugation. The alcoholic supernatant solution 
retained its activity for many months when stored at —20°. 

Preparations of the splitting enzyme were obtained by dialyzing the crude 
extracts against demineralized water for 36 hours at 4°. Such preparations 
were also stable for months when stored at —20°. 


Methods of Assay 


Pyruvic acid was determined by the method of Friedemann and Haugen 
(4). The keto acid described in the present paper does not interfere in the 
determination, although it does react slowly with 2,4-dinitrophenylhy- 
drazine to give a compound which turns dark in alkali. 

A sensitive method for determining total a-keto acid, useful for the assay 
of the new phosphorylated intermediate compound, was devised on the 
basis of the reaction with semicarbazide. The sample, containing not more 
than 0.8 um of a-keto acid in a volume of 1 ml. or less, was mixed with 1 ml, 
of the reagent containing 1 per cent semicarbazide hydrochloride and 1.5 
per cent sodium acetate trihydrate in water. The mixture was incubated 
at 30° for 15 minutes, diluted to 5.0 ml. with water, and read in the Beck- 
man model DU spectrophotometer at 250 my in a 1 cm. quartz cell against 
a diluted reagent blank. Under these conditions, 0.5 um of the phosphory- 
lated,a-keto acid under investigation gave an optical density of 1.02. 


Chromatography 


For most purposes radial or “pie plate” paper chromatography was used 
for separating and identifying small quantities of products. The method, 
based on that described by Rutter (5), has the advantages of speed, resolu- 
tion, and sensitivity. Furthermore, excellent individual containers for the 
development of the chromatograms can be improvised from two Pyrex pie 
plates obtainable at any dime store. 

The chromatograms were sprayed with p-anisidine hydrochloride in 
n-butanol to detect carbohydrates (6). A molybdic acid spray followed by 
ultraviolet irradiation was used to locate phosphate esters (7). To detect 
keto acids, the chromatograms were sprayed with the semicarbazone re- 
agent of Umbarger and Magasanik and examined under ultraviolet light 
for dark (non-fluorescing) areas (8). 
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EXPERIMENTAL 
Preparation of Phosphorylated Keto Acid 


13 mm of sodium 6-phosphogluconate at pH 7.0! were incubated with 
30 ml. of the phosphogluconic dehydrase preparation in a total volume of 
400 ml. at 30°. After 420 minutes, an additional 25 ml. of theenzyme were 
added. After a total incubation of 960 minutes, 50 ml. of 40 per cent tri- 
chloroacetic acid were added, and the precipitate was removed by cen- 
trifugation. 

The phosphate esters were fractionated according to Procedure A of 
Umbreit et al. (10). The “barium-insoluble” fraction (1.7 gm.; 37 per cent 
purity according to the semicarbazone assay, assuming an anhydrous 
barium salt) was not used for further purification. The ‘“barium-soluble- 
aleohol-insoluble” fraction (5.2 gm.; 63.6 per cent purity) was dried over 
CaCl, and KOH in vacuo. This fraction was treated with Dowex 50 cation 
exchange resin in the H+ form to remove the barium. The solution of the 
free acid was concentrated in vacuo at 45° toa volume of 17 ml. 15.5 ml. 
of this solution were chromatographed on a 4.8 X 37 cm. powdered cellulose 
column which had been previously washed according to the method of 
Mortimer (11). The solvent system used was ethyl acetate-acetic acid- 
water (3:3:1), and fractions of the eluate were tested with the semicar- 
bazone and phosphate reagents. The product was eluted as a single zone 
immediately after a small zone of inorganic phosphate and slightly ahead of 
6-phosphogluconic acid. 350 ml. of the eluate together with 50 ml. of 
water used to rinse the fraction receivers were extracted with two 500 ml. 
portions of chloroform. The chloroform washes were extracted with 50 
ml. of water, and the aqueous phases were combined. The pH of the 
combined aqueous extracts was adjusted to 8.2 with saturated NaOH. 
The barium-soluble-alcohol-insolubie fraction was again isolated. The 
dried precipitate was again converted to the free acid as above, concen- 
trated in vacuo, and refractionated with barium according to the method of 
Seegmiller and Horecker (9). The barium-insoluble fraction (360 mg.) was 
not used for further purification. 1.069 gm. of the barium-soluble-alcohol- 
insoluble fraction (2.5 gm.; 88 per cent purity) were converted to the free 
acid and titrated to pH 8.2 with sodium hydroxide. The solution was con- 
centrated to a small volume in vacuo and crystallized by the addition of 
acetone. The product tends to separate as an oil, but scratching the oil 
causes it to crystallize in the form of fine prisms. The product was re- 


‘Sodium 6-phosphogluconate was prepared by converting the barium salt to the 
free acid with Dowex 50 (Dow-Corning) cation exchange resin in the H+ form and 
titrating the free acid to pH 7.0 with sodium hydroxide. The barium 6-phospho- 
gluconate was prepared by the method of Seegmiller and Horecker (9). 
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crystallized twice from water-acetone and dried at room temperature jn 
vacuo over Drierite. The yield was 252 mg.; additional product was pr. 
covered from the mother liquors. 


Structure of Phosphorylated Intermediate 


Composition—An elemental analysis of the crystalline sodium salt re. 
vealed the following per cent composition: C 19.89, H 3.55, P 8.58. If the 
proposed structure of the free acid is accepted on the basis of the evidence 
to be presented, the above composition is consistent with the formulg 
CeHs0O.PNa;-2H.0 (theoretical per cent composition: C 20.01, H 3.37, P 
8.60). When left exposed to the atmosphere, the salt gradually picks up 
water without visibly losing its crystalline structure. Presumably one or 
more higher hydrates are formed. 

Potentiometric Titration—Potentiometric titration of the sodium salt 
showed the presence of 3 acid equivalents with the following pK values: 
pK’,,, below 2.5; pK’,,, 3.12; pK’.,, 6.40. 

The first and last of the above values agree with those of the phosphate 
group of phosphate esters, while the pK’,, corresponds with the carboxyl 
group of a-keto acids, being slightly lower than pK’,, of 6-phosphogluconic 
acid. 

Reactions As a-Keto Acid—The a-keto acid structure of the compound is 
supported by the following evidence. The compound was decarboxylated 
with ceric sulfate (12) to yield 1.00 mole of CO, per mole of the dihydrate. 
An orange-yellow precipitate is slowly formed on addition of 2 ,4-dinitro- 
phenylhydrazine in 2 N HCl to a solution of the compound. This pre- 
cipitate is somewhat soluble in ethyl acetate, from which it is easily 
extracted with aqueous sodium carbonate. Solutions of the 2 ,4-dinitro- 
phenylhydrazone turn reddish brown upon addition of strong alkali and 
exhibit the same spectrophotometric absorption pattern as that of the de- 
rivative of pyruvic acid in N NaOH (13). When the compound is allowed 
to react with o-phenylenediamine (14), the absorption spectrum of the 
product corresponds closely with that of known hydroxyquinoxaline de- 
rivatives of a-keto acids, having absorption peaks at 295 and 335 mu. The 
semicarbazone of the compound has an absorption maximum at 250 mu, 
as have the pyruvic acid and a-ketoglutaric acid derivatives. 

Enzymatic Degradation and Dephosphorylation—Preparations of the 
splitting enzyme rapidly decomposed the isolated compound, but had no 
effect on 6-phosphogluconate. 1 mole of pyruvic acid was produced per 
mole of substrate decomposed. It has been shown previously that the 
carboxyl group of pyruvic acid is derived from the 1st carbon atom of 
glucose and of gluconic acid (1) and must therefore come from the carboxyl 
group of any phosphorylated intermediates. 
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In the earlier experiments the nature of the triose phosphate was es- 
tablished only on the basis of somewhat indirect evidence (1). Also, be- 
cause of the strong phosphatase activity of the crude preparations, it had 
previously been necessary to trap the triose phosphate produced from 
§-phosphogluconic acid with hydrazine. With the new crystalline inter- 
mediate, it became possible to use extremely dilute preparations of the 
splitting enzyme and thus to minimize the interfering effects of the phos- 
phatase and of a triosephosphate dehydrogenase present in the bacterial 
extracts. This made feasible the direct biological identification of the 
triose phosphate by the use of crystalline triosephosphate dehydrogenase. 

When 0.02 ml. of the splitting enzyme preparation was added to 3 ml. 
of 0.033 m pyrophosphate buffer at pH 8.5 containing 0.2 um of diphos- 
phopyridine nucleotide, 12 um of cysteine hydrochloride, 18 um of sodium 
arsenate, and 1 um of the phosphorylated keto acid, an extremely slow 
reduction (0.048 um per 10 minutes) of the coenzyme could be observed at 
340 mu in the Beckman model DU spectrophotometer. However, when 
triosephosphate dehydrogenase was included in the reaction mixture, a 
high and constant rate (0.285 um per 10 minutes) of diphosphopyridine 
nucleotide reduction was established immediately after the addition of the 
splitting enzyme. This demonstrates that the triose phosphate produced 
is indeed p-glyceraldehyde-3-phosphate and that the reaction may be writ- 
ten as 


COOH-CO-CH:-(CHOH):-CH2OPO;H: — 
COOH-CO-CH; + CHO-CHOH-CH:,0P0O;H, 
pyruvic acid p-glyceraldehyde-3-phosphate 


Treatment of the phosphorylated keto acid with phosphatase (Armour 
bovine intestinal phosphatase in 0.1 m glycine buffer, pH 9.0) resulted in 
its complete hydrolysis, as measured by liberation of inorganic phosphate. 

The dephosphorylated product was purified chromatographically on a 
small powdered cellulose column with n-propanol-concentrated ammonium 
hydroxide-water (6:3:1). That portion of the eluate containing the de- 
phosphorylated keto acid was concentrated (with added water) to a syrup 
in vacuo. 

The dephosphorylated product was no longer attacked by the splitting 
enzyme, but still showed the reactions of an a-keto acid, being decarboxyl- 
ated with ceric sulfate and forming characteristic derivatives with o-phen- 
ylenediamine and semicarbazide. 

Reduction and Decarboxylation—The Ruff degradation, which involves 
the use of hydrogen peroxide in the presence of ferric acetate (15), is a 
recognized method of decarboxylating a-hydroxy acids to yield aldehydes 
having 1 less carbon atom. Thus, D-arabinose is produced in the degrada- 
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tion of p-gluconic acid (15), while deoxyribose is formed from metasg. 
charinic acid (16). It has been postulated that the corresponding a-kety 
acid is an intermediate in the reaction. However, when 2-ketogluconi 
acid was degraded according to the modification of Hockett and Huds 
for the preparation of arabinose from gluconic acid (15), no arabinose ap. 
peared among the products of oxidation, although gluconic acid gave arab. 
inose in rather good yield. In order to subject the dephosphorylated jp. 
termediate to the Ruff degradation, it became necessary to reduce the 
a-keto acid to the a-hydroxy acid. This was accomplished with boroby. 
dride. 

A solution of 0.27 mm of the dephosphorylated keto acid was permitted 
to react to completion with 150 mg. of sodium borohydride in a total vol. 
ume of 3.5 ml. at room temperature. The solution was then acidified with 
N HCl to pH 2 to decompose any excess borohydride. Borate was removed 
by distillation of the methyl ester by several additions of methanol and 
evaporations at about 70°. The solution gave a negative test for a-keto 
acid. The presence of metasaccharinic acid in the reaction mixture was 
tentatively established in the following manner: A sample of the reaction 
mixture was treated with Dowex 50 cation exchange resin in the H+ form 
to lactonize any metasaccharinic acid. The hydroxamic acid derivative 
was prepared according to the method of Hestrin (17) and detected on paper 
chromatograms with the reagents of Stadtman and Barker (18). The 
product from the reaction mixture had identical Re values with those of 
the hydroxamic acid of metasaccharin with the following solvents: ether- 
formic acid-benzene-water (70:14:30:10), n-butanol-95 per cent ethanol- 
water (52.5:32.0:15.5), methyl Cellosolve-methyl ethyl ketone-3 n NH,OH 
(7:2:3), 5 per cent propionic acid in water-saturated sec-butanol, ethyl 
acetate-acetic acid-water (3:3:1). 

The borohydride reaction mixture (2 ml.) was next subjected to the Ruff 
degradation, by means of a semimicroadaptation of the Hockett and Hud- 
son method. The solution was then passed through Dowex 50 cation ex- 
change resin in the H+ form and IR-4B (Rohm and Haas) anion exchange 
resin in the. carbonate form to remove ionic materials, concentrated to a 
small volume, and treated with a trace of crystalline catalase to remove the 
remaining hydrogen peroxide. The resulting solution gave positive tests 
for deoxypentose with the reagents of Stumpf (19) and Dische (20). Nei- 
ther the original keto acid nor the borohydride reduction product gave 4 
test for deoxypentose. The product of the Ruff degradation was then 
identified with deoxyribose by paper chromatography in the following three 
solvent systems: ethyl acetate-acetic acid-water (3:3:1), n-butanol-95 per 
cent ethanol-water (52.5:32.0:15.5), 5 per cent propionic acid in water- 
saturated sec-butanol. 
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When the Ruff degradation product was chromatographed alone or to- 
gether with pure deoxyribose, a single zone having an R, value identical 
with that of deoxyribose was found with all solvents. This zone gave the 
characteristic deoxypentose color and yellow fluorescence when treated 
with p-anisidine hydrochloride. In addition, sectors were cut from a ra- 
dial chromatogram developed with butanol, ethanol, and water. Some sec- 
tors were treated with p-anisidine hydrochloride, others with the Dische re- 
agent, and still others with the Stumpf reagents. A single blue zone and a 
single pink zone appeared on the sectors treated with the last two reagents, 
respectively. ‘The colors and Ry values of these zones were identical with 
those of deoxyribose. 

The above degradations may be summarized as follows. 


(a) COOH: CO-CH::(CHOH)2:CH20OH 


; 
| reduction 3 
| 


COOH-CHOH-CH,-(CHOH).-CH.0H (metasaccharinic acid) 
(})) COOH-CHOH-CH::-(CHOH):-CH:OH (metasaccharinic acid) 





lactonization, NH,OH 


CO(NHOH)-CHOH-:CH::-(CHOH):.-CH2OH (metasaccharinhydroxamide) 
(c) COOH-CHOH-CH::(CHOH):2*CH2OH (metasaccharinic acid) 


| Ruff degradation 


CO, + CHO-CH:-(CHOH):2-CH:OH (deoxyribose) 


Periodate Oxidation—The proposed structure of the dephosphorylated 
keto acid requires that, in the oxidation of the compound with periodate, 
2 moles of periodate be reduced and 1 mole of formaldehyde be produced 
(21). This, indeed, was found to be the case. 

The phosphatase-treated compound (0.74 um) was treated with 5 um of 
periodate at pH 5.6 and 40°. A spectrophotometric method? was used to 
follow the disappearance of periodate. Within 20 minutes, 2.22 moles of 
periodate were reduced per mole of substrate. A further reduction of 
periodate at a much lower rate (0.37 mole per 20 minutes per mole of sub- 
strate) was observed. This is probably due to the oxidation of the pre- 
sumed cleavage product, oxalacetaldehyde. 

Formaldehyde was produced during periodate oxidation under the condi- 
tions described by Lambert and Neish (22). A volume of 0.025 ml. of a 
solution containing 0.0186 um of dephosphorylated keto acid was mixed 


* Lipkin, D., unpublished method. 
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with 0.25 ml. of 0.005 m periodate, 0.1 ml. of 10 n H»SO,, and 0.075 ml, ¢ 
water. The mixture was incubated for 20 minutes at 40°, and 0.2 ml, ¢ 
0.1 M sodium arsenite was added. After 10 minutes, the mixture was mad: 
up to a total volume of 10.0 ml. by the addition of the chromotropie acid 
reagent of MacFadyen, and the formaldehyde was determined by the 
method of MacFadyen (23). It was found that 0.90 mole of formaldehyde 
was produced per mole of substrate. 

The phosphorylated keto acid should theoretically reduce 1 mole of peri. 
odate, with the production of glycolaldehyde phosphate and oxalacetalde. 
hyde. It was found, however, that the reduction of periodate was ex. 
tremely slow. By Lipkin’s method, the rate of periodate disappearance at 
40° could be shown to be less than one-twelfth the initial rate observed with 
the dephosphorylated compound. After 2 hours, during which approx. 
imately 1.1 moles of periodate were reduced per mole of substrate, the rate 
decreased markedly. In view of these features, no conclusions can be 
drawn as to the stoichiometry of the reaction. The low rate of oxidation 
suggests that the compound does not have two free adjacent hydroxjl 
groups. The hydroxyl group on the 6th carbon atom is apparently ester- 
fied with phosphate, and periodate oxidation of the dephosphorylated com- 
pound supports the view that the last 3 carbon atoms are alcoholic. It js 
likely, therefore, that one of the hydroxyl groups on either the 4th or 5th 
carbon atom is involved in a ring structure. Under such circumstances, 
as with 2,3 ,6-trimethylglucose, the pyranose ring is very resistant to peri- 
odate oxidation. Since the phosphorylated keto acid would not exist asa 
lactone under the conditions of the oxidation, it most likely possesses a 
furanoid structure of the following type. 


f O Se. 
COOH: COH-CH;-CHOH-CH-CH.,0PO;H:2 





The products of the periodate oxidation were not positively identified, 
but strong evidence for the formation of glycolaldehyde phosphate was 
obtained by paper chromatographic analysis of the reaction mixtures incu- 
bated for 12 hours at 37°. The phosphorylated product from the peri- 
odate reaction of the phosphorylated keto acid was compared with those 
from the periodate oxidation of a-glycerophosphate and of 6-phosphoglu- 
conic acid, both of which yield glycolaldehyde phosphate. Phosphorylated 
products from the three reactions had identical Rr values in the following 
four solvents: n-butanol-95 per cent ethanol-water (52.5:32.0:15.5), ethyl 
acetate-acetic acid-water (3:3:1), methanol-concentrated NH,OH-water 
(7:2:1), 5 per cent propionic acid in water-saturated sec-butanol. 

Presumptive evidence for the formation of oxalacetaldehyde from both 


3 Hassid, W. Z., personal communication. 
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the phosphorylated and dephosphorylated keto acid was obtained in an 
attempt to carry out iodometric determinations of periodate in reaction 
mixtures with bicarbonate (21); it was impossible to obtain a stable end- 
point owing to the obvious formation of iodoform. Oxalacetaldehyde 
would yield iodoform under these conditions. 

Other Properties—In addition to the above reactions, the phosphorylated 
keto acid had the properties described below. The phosphate group was 
more labile to acid hydrolysis than was that of glucose-6-phosphate, being 
hydrolyzed to an extent of 62 per cent in 60 minutes at 100° in n HCl. 

The compound reduced alkaline ferricyanide (1 mole was equivalent to 
0.41 mole of glucose by the method of Schales and Schales (24)). A very 
slight reduction of Fehling’s and Benedict’s solutions and of ammoniacal 
silver was also observed. With Fehling’s solution, a pale green color de- 
veloped with heating initially, but the blue color reappeared on further 
heating. The nature of the reaction is not clear, but is probably complex. 


The authors wish to thank the following scientists for their generous 
support: Dr. C. E. Ballou, Dr. H. A. Barker, Dr. C. A. Dekker, Dr. N. 
Entner, Dr. W. Z. Hassid, Dr. D. L. MacDonald, Dr. J. B. Neilands, Dr. 
N. J. Palleroni, Dr. E. W. Putman, Dr. E. Racker, and Dr. R. Y. Stanier. 


SUMMARY 


A new phosphorylated keto acid intermediate in the metabolism of glu- 
cose by Pseudomonas saccharophila has been isolated as a crystalline sodium 
salt. It was produced from 6-phosphogluconic acid by the action of phos- 
phogluconic dehydrase and could be converted by a splitting enzyme to 
pyruvic acid and p-glyceraldehyde-3-phosphate. On the basis of enzy- 
matic and chemical studies, it is concluded that the compound is 2-keto- 
3-deoxy-6-phosphogluconic acid. Evidence is presented that the 2nd and 
5th carbon atoms may be joined in a furanoid ring. 
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EFFECTS OF FASTING ON FREE AMINO ACID LEVELS IN 
CHICK BLOOD AS MODIFIED BY VITAMIN B,.* 


By L. W. CHARKEY, ADELINE K. KANO, ann JOHN A. ANDERSON 


(From the Department of Chemistry, Colorado Agricultural and Mechanical 
College, Fort Collins, Colorado) 


(Received for publication, February 23, 1954) 


A number of studies of inanition in its effects on blood levels of free 
amino acids have been carried out (1-7). Reports of the effect of fasting 
on blood levels of specific amino acids in the chick appear, however, to be 
limited to that of Charkey et al. (8), who pointed out that, in contradistine- 
tion to four other amino acids whose blood levels dropped (arginine, methi- 
onine, tryptophan, histidine), lysine rose markedly as a consequence of 
a 48 hour total fast. These authors attempted an explanation of the 
unique behavior of lysine, based on an assumed inability of chicks to de- 
aminate lysine. 

The foregoing five amino acids, the only ones studied thus far in relation 
to fasting in chicks, were included in the studies of Henderson ef al. (2) in 
rats. The responses observed were inconsistent in repeated trials at 24 
hours except for arginine, which was reduced. At 48 hours arginine blood 
levels still were lower than the prefasting levels, which constitutes the only 
obvious point of correspondence in the results between chicks and rats. 
The characteristic behavior of lysine in chicks was not seen in rats. 

As noted previously, this unique behavior of lysine might be related to 
the well known lack of susceptibility to amination of lysine analogues. In 
this connection the investigations of West and Carter (9) and Elliott and 
Neuberger (10, 11) are of interest, since they indicate that this lack usually 
described as unique for lysine precursors is shared to some extent by those 
of threonine. ; 

In view of the foregoing, another fasting trial in chicks has been carried 
out. Lysine was determined in order either to establish with greater cer- 
tainty or to refute the observation of its unique response to fasting. Thre- 
onine was included in order to ascertain whether it shares to any extent 
this property of lysine. Three other amino acids, different from those 
studied previously, also were measured in order to extend observations to 
a larger group of amino acids. 


EXPERIMENTAL 


Single comb white leghorn cockerels from a commercial hatchery, after a 
conditioning period of 2 days on corn-meal, were culled and placed in 


* Scientific series, Paper No. 431, Colorado Agricultural Experiment Station. 
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individually heated, all-metal, wire mesh bottom cages. Each pen con. 
tained twenty-four birds plus extras, distributed on a weight basis as 
uniformly as possible. 

Three of the groups were fed ad libitum a basal diet containing 38 per 
cent solvent process soy bean meal (44 per cent protein), 57 per cent ground 
yellow corn, 2.5 per cent steamed bone meal, 1.15 per cent iodinated eal- 
cium carbonate, 0.5 per cent sodium chloride, 0.04 per cent DL-tryptophan, 
0.065 per cent choline chloride, and micronutrients, per kilo of diet, as 
follows: 55.5 mg. of manganese, 52.0 mg. of iron, 2.00 mg. of copper, 1.00 
mg. of cobalt, 10.0 mg. of niacin, 6.00 mg. of calcium pantothenate, 2.75 
mg. of thiamine hydrochloride, 2.75 mg. of pyridoxine hydrochloride, 2.75 
mg. of p-aminobenzoic acid, 2.75 mg. of folic acid, 5.50 mg. of riboflavin, 
5.50 mg. of 2-methyl-1 ,4-naphthoquinone, 2250 i.u. of vitamin A, 400 A. 
O. A. C. units of vitamin D, and 5.00 mg. of a-tocopherol. The other 
three groups were fed ad libitum the same diet supplemented with! 50 ¥ of 
crystalline vitamin By per kilo of diet. 

After 2 weeks on treatments, one pen on the basal ration and one on the 
vitamin B,:-supplemented diet were sampled (Period 1); after 4 weeks a 
second pen in each category (Period 2) was tested, and after 6 weeks the 
third pen in each category (Period 3). Sampling consisted of the collee- 
tion from each pen at each period of eight birds while on full feed (FF), 
eight birds just before termination of the fasting period' (OF), and eight 
birds 4 hours after return to feed (RTF). Each bird was weighed, de- 
capitated, bled, and hepatectomized. Blood samples were obtained and 
handled according to procedures outlined previously (8) to provide single 
FF, OF, and RTF composite samples of protein-free filtrate at each period. 
Similar liver samples were extracted by the procedure of Awapara (12, 13), 
as modified by Salander and Patton (14), for vitamin By analysis. The 
assays were performed microbiologically by the use of a vitamin By- 
requiring mutant strain of Escherichia coli? in a turbidimetric tube assay. 
Blood amino acids were determined microbiologically, with Streptococcus 
faecalis ATCC 9790 as the test organism in turbidimetric tube assays. 


RESULTS AND DISCUSSION 


General—Shown in Table I is a comparison of the basal versus vitamin 
By-supplemented groups in terms of body weight, liver weight, and vita- 
min By content of liver. The body weights are averages of individual 
weights taken just prior to sacrifice for blood and liver samples. The body 
weights are of interest to this discussion chiefly because they demonstrate 


1 24 hours in Periods 1 and 3; 48 hours in Period 2. 
2 Strain MB507, kindly provided by Dr. David Hendlin, Merck and Company, 
Rahway, New Jersey. 








that re 
vitamt 


Effect 


i] 


Av 





retul 


crea 
cont 
abse 





llec- 
‘F), 
ight 

de- 
and 
angle 
iod. 
13), 
The 
Bir 
say. 
CUS 


min 
lual 


ody 


rate 


any, 





L. W. CHARKEY, A. K. KANO, AND J. A. ANDERSON 629 


that rapid growth occurred in all groups and that no growth response to 
vitamin By was obtained. Liver vitamin By. was, however, markedly in- 


TaBie I 
Effect of Fasting on Body Weight, Liver Weight, and Vitamin B,2 Content of Liver 
in Chicks 





Average liver weight | Average vitamin Bie 
Average body weight | Average liver weight; as percent body | content of liver, 
weight mygm. per gm. 
oe Treatment* eens sl ni i Caan ec pe 
anal Age in days 
14 28 42 14 28 42 14 28 | 42 | 14 28 | 42 





Basal groups 




















gm. gm. gm. | gm. | gm. | gm. | 
1 | FF 136 3.70 | 2.72 40.4 
| OF | 120 2.86 | | 2.38 | | | 
RTF | 132 3.41 | 2.57 | 27.9 
2 | FF | 307 g.22| | 2.68| | | 37.4 
OF | 260 ‘5.815 2.27 | 66.2) 
RTF 298 8.865 2.97 | 24.5 
3 | FF | 592 | 114.7 | 2.48 | 42 
OF 560 | 10.1 | 1.80 | | 103 
| RIF | | 613 14.9 2.43 | | 102 
Average.....| 129 | 288 | 588 |3.32 |7.63 |13.2 |2.56 |2.64 2.24 | 34.2) 42.7) 82 
Vitamin Bie 
1 | FF 138 3.995] | 2.s3| | loss beng 
| OF 125 3.12} | 2.51| | (290 | 
RTF | 133 4.04 | 3.04 | (207 | | 
2 | FF 300 7.69 | 2.56 | | 162 | 
| OF 290 6.14 | od [129 | 
| RTF 273 | 18.17 | 2.99 | 375 | 
3 | FF 589 | hae) | fear} | 414 
OF 551 | | 9.78 11.77 | | 462 
RTF | | 599 | 15.4 | 2.57 | | | 471 
Average ..... 132 | 288 | 580 |3.72 |7.33 |12.9 2.81 2.56 2.22 [248 |222 | 449 


| 





* FF = full feed; OF = just before termination of fasting; RTF = 4 hours after 
return to feed; eight birds in each group. 


creased by the presence of dietary vitamin By». It is noteworthy that the 
content of liver vitamin By: increased with the age of the chicks in the 
absence, as well as presence, of dietary vitamin By, an effect observed also 
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in an earlier experiment (unpublished). This is considered to be due to 
intestinal biosynthesis. The lack of a growth response to dietary vitamin 
By undoubtedly reflects the lack of depletion in the basal groups, not in 
itself surprising in commercial hatchery chicks. 

Fasting produced reduction in liver weight and in liver as per cent of 
body weight. These effects were quickly reversed (in 4 hours) by refeeding, 
Fasting had no consistent or lasting effect on the vitamin By». content of 
liver, although temporary increases appeared during the actual fasting 
period, due presumably to depletion of glycogen. 


TaBe II 
Effect of Fasting on Blood Free Amino Acids of Chicks 
The results are expressed in mg. per 100 ce. 


i-Lysine (3)* | t-Threonine (6) L-Valine (2) t-Leucine (2) L- Isoleucine (3) 


—_— Treatment No } No | No ¥ x x 
pt ° _— ° a , ler: ° e q ° ° e 3 I ° _ NO. re: . No 
 —- vitamin |Vitamin vitamin Vitamin vitamin i vitamin V — vitamin 

2 eo | = | Se | 12 | ss 12 Bis 12 Bis 


.00 | 3.315) 4.07 | 2.87 | 2.69 


1 FF | 5.2) 3.5 | 5.49 | 6.775] 4.10 | 4 
OF | 15.1 | 13.4 | 9.85 | 8.61 | 4.85 | 5.50 | 3.96 | 4.60 | 3.69 | 3.28 
RTF | 5.3) 7.0 | 5.81 | 5.15 | 4.15 | 4.20 | 3.57 | 3.845) 2.99 | 2.95 

2 ¥F 5.3) 4.1 | 4.99 | 4.03 | 3.20 | 3.30 | 3.15 | 3.165) 2.55 | 2.14 
OF 11.6 | 14.9 | 4.94 | 9.45 | 3.25 | 4.65 2.85 3.30 | 2.82 | 3.34 
RTF 8.1. 6.8 | 6.71 | 7.49 | 5.15 | 3.85 4.25 | 3.81 | 3.79 3.46 

3 FF 8.6 5.9 6.90 | 4.74 | 5.25 | 5.40 3.925 4.26 | 3.21 3.39 
OF 9.6 11.3 | 5.55 | 5.84 | 3.95 | 4.95 | 3.435 3.12 | 3.10 | 2.68 
RTF | 7.2 7.3 | 6.07 | 6.48 | 4.00 | 4.50 3.31 | 4.00 | 2.76 | 2.69 





* The figures in parentheses indicate the number of assays represented in each of 
the averages for that amino acid. 


Blood Free Amino Acids—Blood levels of free amino acids (Table II) in 
the birds after 2 weeks on the diet were increased as a result of fasting. 
These effects decreased with increasing age of the chicks, however, and 
by the time they were 6 weeks old, lysine was again the only amino acid 
consistently increased in blood level as a result of fasting. It is indicated 
that at an early stage of development other amino acids have the same 
metabolic properties as has lysine. The unique behavior of lysine does 
not become manifest until later, indicating that a greater degree of ma- 
turity is required for the development of metabolic capabilities toward 
lysine, similar to that developed earlier in life toward other amino acids. 

Viewed in this light, the results place threonine in a position next to 
lysine, and the other amino acids in positions of greater dissimilarity. 
Thus a parallelism has been shown between (a) the fasting rise in blood 
level and (b) the lack of susceptibility to amination of the precursor. This 
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lack is well established for threonine (9-11) and is so widely recognized in 
the case of lysine (15-22) as to have become a metabolic maxim. 

Although threonine and lysine stood well apart, the other amino acids 
varied among themselves in terms of precursor availability. The work of 
Rose (23) indicated that the keto analogues of leucine, isoleucine, and 
valine all are available in the rat in lieu of the preformed amino acids, but 
that the D-amino acids are generally unavailable metabolically. Yet the 
work of Schoenheimer and his associates (24, 25) has emphasized the meta- 
bolic participation and availability in particular of both leucine isomers. 
Grau and Peterson (26) have shown that chicks can utilize the ‘‘unnatural’’ 
p isomer of leucine, but cannot utilize p-isoleucine or p-valine. From the 
present results with chicks (Table II), it is apparent that at 4 weeks (Pe- 
riod 2), although isoleucine and valine still rose during fasting, leucine did 
not. Thus again the parallelism appears between fasting blood rise of an 
amino acid and the unavailability of its precursor. 

Assuming that low rates of precursor amination go hand in hand with 
low rates of amino acid deamination, the direction of change in amino acid 
blood level during fasting appears to be a valuable indicator of metabolic 
capabilities of intact animals toward specific amino acids. Species and 
age differences must be recognized, and it is precisely because of this that 
the suggested fasting technique has great potential value as a means for 
the elucidation of metabolic facts. 

The intention has been to emphasize in this discussion those effects of 
fasting which seemed most significant. But an interesting interaction with 
dietary vitamin By. also appeared and deserves attention. If the data of 
Table II are studied comparatively for the effects of vitamin By, it is seen 
that the extent of the fasting effects on blood levels was usually greater in 
the absence than in the presence of dietary vitamin By, particularly when 
the effects were marked and certain. 

Thus vitamin By: appears as a moderator of the physiological effects of 
fasting. How it carries out this function cannot be deduced from the 
present study, but it has again been made clear that vitamin By: has to do 
with amino acid metabolism in chicks. Beyond this it is evident that the 
metabolic effects of this substance appeared at levels of vitamin By, nutri- 
tional supply above the range required for demonstration of effects on 
growth. 


SUMMARY 


A study of fasting in chicks, in the presence and absence of dietary vita- 
min By, has shown the following. 

1. A fasting rise in free amino acid of blood is associated with metabolic 
unavailability of the amino acid precursors. 
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2. Fasting effects on the levels of free amino acids in blood are functions 
of the age of the experimental chicks up to 6 weeks of age. 

3. Of five amino acids studied, lysine shows the most, and leucine the 
least, extensive and enduring (in terms of chick age) rise in blood level due 
to fasting. 

4. Vitamin By, functions as a moderator of fasting effects on blood levels 
of free amino acids. This moderating action is operative in a range of 
vitamin By, nutritional levels above that required for maximal growth. 


We wish to thank Dr. James Waddell, of E. I. du Pont de Nemours and 
Company, for generous provision of synthetic lysine, and Dr. Julius John- 
son, of The Dow Chemical Company, for methionine and tryptophan used 
in the seyes of studies of which this is a part. Credit is due Merck and 
Company for financial support and to several members of its staff for many 
items of aid. 
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INCORPORATION OF FORMATE AND THE METHYL 
GROUP OF METHIONINE INTO METHOXYL 
GROUPS OF LIGNIN* 


By RICHARD U. BYERRUM, JOHN H. FLOKSTRA,{t LOVELL J. 
DEWEY, anp CHARLES D. BALL 


(From the Kedzie Chemical Laboratory, Michigan Siate College, 
East Lansing, Michigan) 


(Received for publication, March 8, 1954) 


Previous work with C™ as a tracer indicated that the carbon of the methyl 
groups of methionine and choline and the carbon of formate may be util- 
ized to form the methyl carbon of nicotine in Nicotiana rustica (3, 4). 
Kirkwood and coworkers (5, 6) have shown that the methy] group of methi- 
onine might serve as a percursor for the methoxyl carbon of the alkaloid 
ricinine in castor beans and the methylenedioxy group of protopine in Di- 
centra hybrids. It was postulated, but not proved, in all these studies 
that the methyl group of methionine and possibly choline might be trans- 
ferred as an entity in plant metabolism. We, therefore, considered it of 
interest to study other methylation reactions in higher plants and to at- 
tempt to demonstrate transmethylation of the methionine methyl group 
in the metabolic reactions of plants. 

In the present study experiments were performed with barley plants in 
an effort to ascertain some possible precursors of the methoxy] group of the 
cell wall constituent lignin. These studies indicate that the methyl car- 
bon of methionine and formate appeared as the O-methy] group of lignin, 
but that the methyl group of methionine was introduced about 26 times 
more rapidly than formate. In addition, experiments in which methionine 
doubly labeled with C' and deuterium in the methyl group was fed to 
barley and tobacco showed that methionine methyl groups may be trans- 
ferred as a unit to form the methoxyl group of lignin. This reaction then 
appeared to be an instance of transmethylation in higher plants, which 
involved the transfer of the methyl group from the sulfur of methionine to 
oxygen in lignin. 


* Work presented in this paper was done under contract No. AT(11-1)-161 with the 
Atomic Energy Commission. The data are taken in part from a thesis presented by 
John H. Flokstra in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy in the Graduate School of Michigan State College. This paper was 
presented in part at the meeting of the Federation of American Societies for Experi- 
mental Biology at New York, April, 1952 (1), and at Chicago, April, 1953 (2). 

} Present address, The Upjohn Company, Kalamazoo, Michigan. 
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EXPERIMENTAL 


Preparation of Labeled Compounds—vu-Methionine isotopically labeled 
in the methyl group was synthesized by reducing pt-homocystine with 
sodium in liquid ammonia and treating the reduction product with labeled 
methyl iodide essentially according to the method of du Vigneaud, Dyer, 
and Harmon (7). For the preparation of radioactive methionine C“f,] 
was employed, whereas for the preparation of deuterium labeled methio. 
nine CD,I was used. Sodium formate labeled with C™ was obtained from 
the Oak Ridge National Laboratory and was used as such. 

Preparation of Barley Plants—Seeds of Hordeum vulgare var. Bay wer 
planted in flats and allowed to grow for about 30 days. A commercial p- 
organic plant food mixture was given as required in a water solution. In 
earlier experiments soil was used as the growing medium, but vermiculite! 
was later employed. After the 30 day growing period the plants had at- 
tained a height of 13 to 18 cm. Tobacco (N. rustica L.) was raised in the 
same way for a 3 month period and in this time had also grown to a height 
of 13 to 18 cm. 

The plants were prepared for administration of the isotopically labeled 
compounds by soaking the roots in water and then washing them free of 
adhering particles under a stream of tap water. To reduce the number of 
bacteria the roots were placed in a 0.1 per cent germicide? solution for about 
30 minutes. This treatment has been shown to have no deleterious effect 
on subsequent plant growth. Following a rinse in distilled water, the 
roots of each plant were placed in a 50 ml. Erlenmeyer flask containing 25 
ml. of an inorganic nutrient solution prepared by diluting, with 2 parts of 
water, 1 part of a stock solution of the following composition: water 1 liter, 
calcium nitrate 1 gm., potassium chloride 250 mg., magnesium sulfate 250 
mg., ammonium sulfate 250 mg., potassium dihydrogen phosphate 250 
mg., ferric chloride 2 mg. The weights are of the anhydrous salt. Each 
flask also contained the desired quantity of the isotopically labeled com- 
pound under study and 3 drops of a 1 per cent solution of germicide. 

In the metabolism of the radioactive compounds there was a possibility 
of CO, liberation, and to avoid contamination of the air from this source 
the plants were grown in a hood. Two 36 inch, 30 watt fluorescent tubes 
and a 100 watt bulb were placed about 15 inches above the plants as a 
source of illumination. A light intensity of about 200 foot-candles at the 
upper leaves was thus obtained. During the feeding experiments the light 


1 Vermiculite is an expanded mica which served as an inert supporting material for 
the growing plants. 

2 Wyandotte detergent germicide No. 1528 obtained from the Wyandotte Chemicals 
Corporation, Wyandotte, Michigan. 

3 Lucas, E. H., personal communication. 








was tul 
solutior 
Isola 
nin frot 
The dri 
as sugg 
water, : 
used tc 
and lip 
remain 
at 5°. 
boiled 
precipi 
iecator 
Dem 
for the 
derivat 
groups 
into a. 
tory sl 
to yiel 
fied fo 
methy] 
weighe 
methy! 
the re: 
were t 
hydrio 
contail 
by Pre 
from t 
per cel 
solid ¢ 
Dur 
& cOpE 
side ar 
tative 
about 
The b 
rapid 
the de 
which 





veled 
with 
re led 
yer, 
‘FI 
thio- 


from 


were 
I in- 

Ih 
ilite! 
1 at- 
1 the 
~ight 


reled 
of 
er of 
bout 
ffect 
the 
ig 25 
ts of 
liter, 
> 250 
- 250 
Each 


com- 


vility 
urce 
rubes 
as & 
t the 
light 


ial for 


nicals 








BYERRUM, FLOKSTRA, DEWEY, AND BALL 635 


was turned on about 12 hours out of each 24. The volume of nutrient 
solution in the flasks was kept essentially constant. 

Isolation of Lignin—Initially difficulty was experienced in isolating lig- 
nin from freshly dried plants by the 70 per cent sulfuric acid method (8). 
The dried plant material was therefore given a series of solvent extractions, 
as suggested by MacDougall and DeLong (9), in which ether-saturated 
water, 5 per cent acetic acid, and an ethanol-benzene (1 + 2) solution were 
used to remove some nitrogen-containing materials, some carbohydrate, 
and lipides. These solvent extractions were followed by treatment of the 
remaining white, fibrous material with 70 per cent sulfuric acid for 18 hours 
at 5°. The sulfuric acid was then diluted to 3 per cent and the mixture 
boiled gently for 2 hours. Lignin remained as a solid on cooling. This 
precipitate was washed with distilled water and dried in a vacuum des- 
iecator for future use. 

Demethylation of Lignin—A modification of the method of Phillips (10) 
for the estimation of methoxy] groups of lignin was used to obtain a solid 
derivative of the lignin methoxyl groups for counting. The methoxyl 
groups treated with hydriodic acid gave methyl iodide, which was swept 
into a solution of triethylamine in ethanol. Previous work in this labora- 
tory showed that triethylamine reacts quantitatively with methyl iodide 
to yield methyltriethylammonium iodide under these conditions. A modi- 
fied form of the apparatus described by Pregl (11) was used for the de- 
methylation. The desired quantity of lignin to be demethylated was 
weighed on cigarette paper, which previously had been shown to yield no 
methyl iodide in the demethylation procedure, and was introduced into 
the reaction flask. 2 ml. of phenol, which acted as a solvent for lignin, 
were then placed in the reaction vessel along with 4 ml. of 47.3 per cent 
hydriodic acid. Attached to the reaction vessel was a gas-washing bubbler 
containing 1.5 ml. of the 5 per cent CdSO,-Na.S.O0; solution recommended 
by Pregl to remove any hydriodic acid and iodine carried over. A tube 
from the bubbler led to the receiving vessel which contained 5 ml. of a 5 
per cent solution of triethylamine in ethanol cooled in a methyl Cellosolve- 
solid carbon dioxide bath to about —75°. 

During the demethylation procedure the reaction flask was immersed in 
a copper oxide bath. A stream of nitrogen was slowly run in through the 
side arm of the reaction flask. Experimentation showed that more quanti- 
tative results were obtained when the temperature of the bath was kept at 
about 150° for 45 minutes, then raised to 200°, and held for 30 minutes. 
The bath was allowed to cool for 15 minutes, during which time a more 
rapid stream of nitrogen was passed through the apparatus. The tip of 
the delivery tube was then rinsed with ethanol into the receiving vessel, 
which was stoppered and allowed to stand overnight at room temperature. 
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The ethanolic solution was then taken nearly to dryness by heating, and 
the last traces of ethanol and triethylamine were removed in a vacuum 
desiccator. A white solid, methyltriethylammonium iodide, remained. 


C;HysNI. Calculated, I, 52.20; found, I, 52.31 


Determination of Isotopes—All radioactivity measurements were made by 
use of a model 163 scaling unit with an end window Geiger-Miiller tube, 
manufactured by the Nuclear Instrument and Chemical Corporation, 
In the experiments involving compounds labeled with C™ along the organic 
compounds methionine, methyltriethylammonium iodide, and sodium form- 
ate were counted for radioactivity. 

In the experiments in which methionine doubly labeled with deuterium 
and C was fed, the methionine and quaternary iodide obtained from the 
lignin methoxyl group were burned at 700° in a microcombustion tube 
packed with CuO and platinized asbestos, with the inclusion of silver wire 
immediately before and after the packing. In burning the iodide, it was 
found necessary to replace the silver wire in the combustion tube after 
three or four combustions because, after that time, impurities came through 
with the water which were difficult to remove in the purification procedure, 
The water formed on combusion was collected in a small trap immersed in 
a dry ice-methyl Cellosolve bath. The water was purified and its deute- 
rium content measured by the gradient tube method described by Linder- 
strgm-Lang et al. (12). The CO. of combustion was precipitated as 
BaCO; by bubbling the gases from the combustion tube through Ba(OH);. 
The BaCO; was washed and dried, and three 40 mg. samples were prepared 
in aluminum dishes and counted until 10,000 counts were obtained. 


Results 


Experiments with Radioactive pt-Methionine—A convenient means of ad- 
ministration of methionine appeared to be its uptake through the roots 
from a nutrient solution. However, before attempting such feeding it was 
necessary to ascertain the rate of uptake of methionine by roots and also 
to observe whether destruction of methionine by bacteria had occurred 
in the nutrient solution. Each of six barley plants was, therefore, fed 2 mg. 
of methionine in 25 ml. of nutrient solution. After 48 hours the plants were 
removed from the solution, which was then analyzed for methionine by the 
colorimetric procedure described by McCarthy and Sullivan (13). It was 
found that in 2 days 70 per cent of the 2 mg. of methionine originally present 
had disappeared from the nutrient solution. That this disappearance rep- 
resented uptake of methionine rather than bacterial destruction was indi- 
cated by the finding that, when samples of the nutrient medium contain- 
ing 2 mg. of methionine were inoculated with barley root fragments, no 
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decrease in the quantity of methionine was noted in 48 hours compared with 
uninoculated controls. It has previously been shown (3) that tobacco plants 
absorb methionine through the roots. 

Plants which had been prepared in the manner previously described were 
fed pt-C'-methylmethionine. Each plant received 2.01 X 10-* mole of 
methionine possessing a total radioactivity of 3.6 X 105 ¢.p.m. During 
the 7 day experimental growing period the plants grew as indicated by an 
increase in the length of the stems, leaf development, and production of 
root hairs. For the best growth and appearance of the plants it was found 
advisable to bubble oxygen through the nutrient medium of each plant for 
2 minutes every 12 hours. 

After the growing period the plants were removed from the nutrient 
solution, the roots were removed, and lignin was isolated from the rest of 
the plants as described previously. A weighed sample (usually about 60 


TaBLeE I 
Transfer of Methyl Carbon of Methionine to Methoxyl Carbon of Lignin 





| Methyltriethylammonium 








Experiment No. Lignin, total c.p.m. per pet Per cent recovery 
(24 plants in each) sample | — ~*~ pt paces 
— - —— 2 - | 
1 2258 2140 95 
1437 1337 93 
2 2466 2240 | 91 


2080 1867 | 90 


mg.) of the lignin was then demethylated. The radioactivity of the lignin 
samples before demethylation is recorded in Table I. Radioactivity is 
expressed as total counts per minute of a given weight of sample at “‘infinite 
thinness.” In Table I is also shown the recovery of counts in the methyl- 
triethylammonium iodide obtained after demethylation. For a comparison 
of counts of lignin with the quaternary salt it was necessary that either a 
quantitative recovery of the methyl groups of lignin as the quaternary salt 
be accomplished or that a known per cent recovery of methyl groups be 
obtained. When vanillin, a substance obtained from lignin by oxidation, 
was demethylated under conditions identical to those employed for lignin 
demethylation, a 95 per cent recovery of the methoxyl groups was ob- 
tained as methyltriethylammonium iodide. It was assumed that approxi- 
mately the same recovery of methoxyl groups was made from lignin, and 
the figures in the third column of Table I are actual counts recovered divi- 
ded by 0.95. It may be seen from the results that over 90 per cent of 
the radiocarbon originally present in the lignin was recovered in the meth- 
yltriethylammonium iodide. 
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Oxidative Degradation Products of Lignin—Lignin isolated from barley 
plants by the procedure previously described was analyzed for nitrogen 
by using the micro-Kjeldahl method and was found to contain 3.1 per cent 
N. Although the exact nature of the nitrogenous fraction of lignin is un- 
known, it is possible that C'-methylmethionine was a part of this fraction 
and could conceivably contribute part of the radioactivity noted. Methio- 
nine could not, however, contribute all of the activity, because experiments 
indicated that it was less than 50 per cent demethylated by the procedure 
employed. 

An attempt was therefore made to isolate vanillin, syringaldehyde, and 
other non-nitrogenous aldehydes formed in the oxidation of lignin and to 
test them for radioactivity. Lignin was oxidized with an alkaline nitro- 
benzene solution in a steel bomb at 160° (14, 15), a procedure described by 
Creighton et al. and Stone and Blundell. After the oxidation the nitro- 
genous compounds were steam-distilled and the aldehydes resulting from 
the oxidation extracted from the reaction mixture with benzene. Micro- 
Kjeldahl determinations showed that a nitrogen-free extract was obtained 
from the reaction mixture by this procedure. The aldehyde mixture was 
then precipitated with 2,4-dinitrophenylhydrazine. The precipitate was 
allowed to stand overnight, filtered, dried, and counted. The mixture of 
dinitrophenylhydrazones possessed a specific activity of 88 ¢.p.m. per mg,, 
or, calculated as vanillin, this would be a specific activity of 192 c.p.m. per 
mg. The specific activity of the lignin used for oxidation with nitroben- 
zene was about 190 c.p.m. per mg. Although it is not possible to compare 
vanillin and lignin directly, vanillin is similar in weight to the unit which is 
polymerized to form lignin, and therefore these results indicate that the 
radioactivity of the lignin which was essentially all recoverable by de- 
methylation was present in the methoxyl groups. 

Experiments with Radioactive Formate—For study of the uptake of for- 
mate through the roots of the barley plants no analytical method could be 
found which would give accuracy comparable to that achieved in the methi- 
onine method. Therefore no chemical analysis was made. However, 
upon removal of the plants from the nutrient solution after the 7 day experi- 
mental growing period, the contents of several of the flasks were evaporated 
to dryness. Negligible radioactivy was found in the residues, and no 
bacterial growth was noted. It was concluded that practically complete 
absorption of the formate by the plants had taken place. 

The plants were fed C™-formate under the same conditions as in the 
methionine experiments. The flasks each contained 1.99 x 10-* mole of 
formate having a total radioactivity of 7.2 * 105 c¢.p.m. The molar con- 
centration was approximately the same as that of the methionine previ- 
ously fed, the radioactivity double. The plants were allowed to grow in the 
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solution for 7 days, and lignin was isolated as described previously. The 
lignin, which was again radioactive, was then demethylated and the methyl 
groups recovered as methyltriethylammonium iodide. In Table II are 
presented the recovery of counts upon demethylation of the lignin. It will 
be noted that approximately 70 per cent of the radioactivity of the original 
lignin was located in the methoxyl groups, compared with 90 per cent of 
the radioactivity in the methoxyl groups of lignin from plants fed methio- 
nine. 

Comparison of Plants Fed Methionine and Formate—Two groups of plants, 
as closely similar as possible, were grown in nutrient solution under the 
same conditions, one group fed methionine and the other formate. By 
comparing the radioactivity of lignin isolated from the two groups of plants, 
it was hoped to obtain evidence to indicate whether methionine or formate 
acted as the more direct precursor of the methoxy] groups of lignin. 


TaBLeE II 
Incorporation of Carbon of Sodium Formate in Methozyl Carbon of Lignin 








‘ , [Per Methyltriethylz i 
ray i | Lignin, — ome per ‘wen Per proton mea 
(25 plants in eac samp! secovered junts 
1 806 578 | 72 
770 | 467 70 
2 1041 695 67 
564 365 | 65 


Total radioactivities and molar quantities of acid administered per plant 
and the specific activities of the lignin isolated from each group of plants 
are given in Table III. The specific activity of lignin obtained after ad- 
ministration of methionine was about 13 times as high as that obtained in 
the formate experiments. The molar concentrations of methionine and 
formate fed were the same, but the radioactivity of the formate was twice 
as great. These results indicate that the methyl group of fed methionine 
enters the methoxyl groups of lignin about 26 times as fast as fed formate 
and suggest that the methyl of methionine is a more immediate precursor 
of the methoxyl groups of lignin than is formate. It would, therefore, 
appear unlikely that the methyl groups of methionine were oxidized to 
the state of formate and then reduced again to give the methoxy] groups of 
lignin. Conversely, as previously proposed (3), it is possible that formate 
is reduced to a labile methyl group in methionine, which is then used for 
various methylation reactions. Similar processes have previously been 
suggested for the formation of methyl groups from formate in animal me- 
tabolism (16, 17). 
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Studies with Doubly Labeled Methionine—It was of interest to ascertain 
whether the methyl group of methionine was transferred to the oxygen of 
lignin as a unit or was first oxidized, possibly to the state of formaldehyde, 
and subsequently reduced. For this study the procedure of double label- 
ing with C“ and deuterium in the methyl group of methionine, as used by 
Keller, Rachele, and du Vigneaud for transmethylation studies in animals 
(18), was employed. To obtain pi-methionine doubly labeled in the methy! 
group a mixture composed of 10 per cent C'-methylmethionine and 9 
per cent deuteriomethylmethionine on a weight basis was employed. This 
mixture was fed to two groups of 60 barley plants and one group of 60 to- 
bacco plants for 14 days by the procedure previously described except that 
6 mg. of methionine having a radioactivity of 8.2 < 10* ¢.p.m. were ad- 
ministered to each plant. After that time lignin was isolated, demethyl- 
ated, and the methyl groups recovered as methyltriethylammonium iodide, 


TaBLeE IIT 
Comparison of Activities of Lignin from Plants Fed Methionine and Formate 














+ . + Specific 
. y Compound Moles fed per Total activity peciae 
Group No. olaialohesed plant fed per plant tae, « 
ignin 
c.p.m. 
c.p.m. per mg. 
1 (24 plants) Methionine 2.01 X 10-5 3.6 X 105 385 


2(25 “ ) Formate 1.99x 10-5 | 7.2x 105 | 





An analysis for deuterium and radiocarbon in the fed methionine and iso- 
lated quaternary iodide was made as described earlier. Analysis of methio- 
nine, synthesized from methyl] iodide of known deuterium content, by com- 
bustion and use of the gradient tube method devised by Linderstrgm-Lang 
et al. (12) indicated that the method was accurate within a range of about 
+0.03 atom per cent deuterium, the average of several analyses falling 
close to the known deuterium content. The results of these studies are 
presented in Table IV. It will be noted that the D:C™ ratio obtained in 
methyltriethylammonium iodide from the barley lignin methoxyl groups 
was about 94 per cent of the D:C" ratio in the methyl group of the fed 
methionine. This represents the per cent of the deuterium, originally 
present in the methionine methyl group, which was transferred with the 
methyl carbon. The D:C" ratio in methyltriethylammonium iodide ob- 
tained from lignin isolated from tobacco plants was about 95 per cent of 
the D:C" ratio in the fed methionine methyl group as ascertained from two 
independent deuterium analyses. It would appear from these results that 
methionine methyl groups were transferred as a unit. If all of the methyl 
groups of methionine had been oxidized to the state of formaldehyde, the 
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least possible oxidation, and then reduced to give the methoxyl groups of 
lignin, the ratio of D:C in the methy] of the isolated quaternary salt would 
be 67 per cent of the D:C" ratio of the fed methionine. It will be noted 
that the ratio of deuterium to radiocarbon in the methy] group of the quat- 
ernary iodide in all cases is well over 67 per cent of the D:C* ratio in the 
fed methionine. Since this is the case, it may be concluded that some direct 
transfer of the methyl group, 7.e. transmethylation, occurred from the sul- 
fur of methionine to the oxygen of lignin in barley and tobacco plant me- 
tabolism. 


TABLE IV 


Deuterium and C'4 in Fed Methionine and in Methyltriethylammonium Iodide Obtained 
from Isolated Lignin 


Atom per cent C* content, c.p.m. per mM | 


excess D | Ratio of Din Per cent 
Compound — —_|———— —— | methyl group to | quaternary 
| Com- | Methyl | Cin methyl | — iodide 
| pound group Compound | Methyl group group ratio of 
} | } | methionine 
| (b) ratio 
| (@) | (@) (c) (d) | @ | 


vi-Doubly labeled|24.5 | 89.8 | 2.07 X 10° | 2.07 X 105 | 4.34 x 10-4 | 
methionine | 

Methyltriethyl- | | | 
| 





ammonium = |x 
iodide 
Barley 0.212 | 1.27 | 3.12 X 10? | 3.12 K 10? | 4.07 X 10-*| 94 
Tobacco 0.334*| 2.00 | 4.81 X 108 | 4.81 X 10% | 4.16 X 10-4 | 96 
3 0.329 1.97 | 4.81 X 103 | 4.81 X 103 | 4.10 K 10-4 94 


| 
} 














* We are indebted to Dr. David Rittenberg and Laura Ponticorvo for this deu- 
terium analysis. 


DISCUSSION 


The results of the present study with methionine doubly labeled in the 
methyl group with C' and deuterium are evidence that the intermolecular 
transfer of methyl groups is a reaction in the metabolism of barley and 
tobacco plants. In this case the metabolic reaction involved the transfer 
of methyl groups from the sulfur of methionine to the oxygen of lignin. 
We have recently shown (19) that another plant metabolic reaction, the 
transfer of the methyl] group of methionine to give the N-methyl group of 
nicotine in tobacco, is also, in part, a transmethylation reaction. The 
observations in the present study, along with an earlier report from this 
laboratory (1) and the finding of Kirkwood et al. (5, 6) that the methyl 
carbon of methionine may be a precursor of the methoxy] carbon of ricinine 
in castor beans and the methylenedioxy groups of protopine in Dicentra 
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hybrids, would lend support to the hypothesis that the acceptance of 
a methyl group by oxygen, a reaction not observed in animal metabolism, 
is a general reaction in plant metabolism. Transmethylation, however, has 
been well established as an animal metabolic reaction by du Vigneaud et al. 
(20) in intact animals, by Borsook and Dubnoff in liver slices (21), and by 
Cantoni in isolated animal enzyme systems (22). The present experiments 
together with these previous studies indicate the universal occurrence of 
transmethylation in living organisms. 

When methionine and formate were fed in equimolar quantities to young 
barley plants, about 26 times more lignin methoxyl groups were formed 
from the methy] group of methionine than from formate in 7 days. Linked 
with the observation that transmethylation from methionine may occur, 
these results suggest the possibility, previously discussed (3, 5), that 
formate might be reduced to “active” methyl groups of methionine, which 
could then be used in direct methyl] transfer for the production of lignin 
or other metabolic products. These reactions would be similar to the 
animal metabolic process in which formate is incorporated by reduction 
into methyl groups of choline and methionine, as shown by du Vigneaud, 
Verly, and Wilson (16) and Sakami and Welch (17). 

It is of interest to examine whether the transfer of methyl groups dem- 
onstrated in this study represented synthesis of part of the lignin molecule 
or merely. some type of exchange reaction. Stone (23) has shown that in 
wheat plants fed C“O, for a short time the total radioactivity acquired by 
the syringaldehyde portion of lignin during that time remained constant 
throughout the growth of the plant; that is, the lignin (as represented by 
syringaldehyde) was a final end-product and was not a participant in 
further metabolic reactions of the plant. Stone further demonstrated 
that part of the radioactivity of the lignin degradation products was located 
in the methoxyl groups. Stone’s work would seem to show that the direct 
transfer of methyl groups demonstrated in our experiments was a reaction 
in the synthesis of lignin. 


SUMMARY 


The methyl group of methionine was shown to be transferred as a unit 
to form the methoxyl groups of lignin in barley and tobacco, a reaction 
which was a direct transfer of methyl groups from sulfur to oxygen. For- 
mate was also demonstrated as a precursor of lignin methoxy] groups, but 
when methionine and formate were administered in equimolar quantities 
per plant about twenty-six methoxyl groups were formed from the methyl 
of methionine for each methoxy] arising from formate. It was indicated 
that both the incorporation of the carbon of formate and the methyl group 
of methionine into lignin represented a synthesis of a part of the lignin 
molecule. 
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THE INCORPORATION OF GLYCINE INTO NICOTINE 
IN TOBACCO PLANT METABOLISM* 


By RICHARD U. BYERRUM, ROBERT L. HAMILL, anp CHARLES D. BALL 


(From the Kedzie Chemical Laboratory, Michigan State College, 
East Lansing, Michigan) 


(Received for publication, May 14, 1954) 


The methyl groups of methionine and choline and the carbon of formate 
are incorporated into the N-methyl ‘group of nicotine in tobacco plants 
(1, 2). In studying possible precursors of methyl groups in plants, the 
role of the carbons of glycine was of interest because the a-carbon of glycine 
had been found to be a precursor of the methyl groups of methionine, 
choline, and creatinine in animal metabolism (3-5). These studies showed 
that the a-carbon of glycine was in general incorporated into methyl groups 
more slowly than formate and led to the supposition that the glycine a-car- 
bon may first be oxidized to formate, which is then reduced to methyl 
groups. Glycine metabolism in tobacco plants is also of interest since it 
is one of the first amino acids formed in photosynthesis (6) and may, there- 
fore, be an important intermediate in various metabolic reactions. In 
addition, Mortimer has suggested (7) that glycine may be utilized intact 
for biosynthesis of part of the pyrrolidine ring of nicotine. 

In the present study, the a-carbon of glycine was found to be rapidly 
incorporated into nicotine methyl groups in tobacco plants. In addition, 
the glycine a-carbon was introduced into the N-methyl group of nicotine at 
aslightly faster rate than the methyl groups of methionine and choline and 
about 10 times faster than the carbon of formate. The carboxyl carbon of 
glycine was not incorporated into nicotine during a 7 day period. 


EXPERIMENTAL 
Glycine Uptake by Tobacco Plants 


In previous studies in which possible methyl group precursors have been 
fed to tobacco plants, the compounds were absorbed through the roots from 
a nutrient solution. The same route of administration of glycine was 
desirable in the present study. It was essential first, however, to ascertain 


*The experiments presented in this paper were taken in part from a thesis pre- 
sented by R. L. Hamill to the Graduate School of Michigan State College in partial 
fulfilment of the requirements for the degree of Master of Science. The work was 
done under contract No. AT(11-1)-161 with the Atomic Energy Commission. A pre- 
liminary report of this work was presented before the American Society of Biological 
Chemists, Atlantic City, April, 1954. 
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whether glycine was absorbed by the roots, whether the amino acid was 
toxic in the concentration to be used in the studies with radioactive glycine, 
and whether microorganisms on the roots might destroy or change glycine 
before its absorption. Each of eight tobacco plants (Nicotiana rustica |... 
var. humilis) was, therefore, fed 2 mg. of glycine in 50 ml. of a nutrient 
solution, the composition of which has been described previously (2). After 
48 hours, four of the plants were removed from the nutrient solution, which 
was then analyzed for remaining glycine by a colorimetric ninhydrin pro- 
cedure described by Harding and MacLean (8). It was found that in the 
2 day period about 52 per cent of the original glycine had disappeared, 
The analysis of the nutrient solution of the other four plants after 4 days 
indicated that in this time about 70 per cent of the original glycine had 
disappeared. That the disappearance of glycine apparently represented 
absorption rather than destruction by microorganisms was indicated by 
the finding that, when four samples of nutrient medium containing 2 mg. 
of glycine were inoculated with about six tobacco root fragments 1 em. in 
length, no decrease in the quantity of glycine was noted in 48 hours com- 
pared with uninoculated controls. In addition, 10 ml. of nutrient solution 
containing 14 ye. of radioactive glycine, when inoculated with several root 
fragments and allowed to stand for 4 days, still contained glycine as the 
only radioactive component in the medium. That only radioactive glycine 
was present was indicated by paper chromatography of about 20 ul. of the 
nutrient solution with a butanol-acetic acid-H,O solvent (9), followed by 
a 3 day exposure of the paper to x-ray film. Only one spot appeared on 
the radioautograph which corresponded in Ry value to a sample of pure 
glycine. If as much as 1 per cent of the glycine had been converted to 
some other compound by microorganisms, it would have been detectable 
on the radioautograph. It was concluded from these experiments that 
glycine is absorbed by tobacco roots and that the amino acid is neither 
destroyed nor converted to any other compound by root microorganisms. 

Glycine in the concentrations used was not toxic to the plants, since 
normal increase in the length of stems, production of leaves, and root 
growth were noted. This observation is in agreement with the finding of 
Ghosh and Burris (10) that glycine in the presence of ammonium ion ina 
nutrient solution supports growth of tobacco plants. 

The uptake of methionine and choline by tobacco plant roots appeared 
to be much more rapid than the uptake of glycine. In a 48 hour period, 
over 90 per cent of 2 mg. of either methionine or choline had been absorbed 
in comparison with 50 per cent of a like quantity of glycine. Therefore, 
for a comparison of incorporation of glycine with other possible methyl 
group precursors into nicotine, a 10 day feeding period was arbitrarily 
chosen as compared with a 7 day feeding period with the other precursors. 
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However, in order that a feeding time comparison might also be made, some 
groups of plants were fed glycine for a 7 day period. 


Radioactivity of Nicotine from Plants Fed Glycine 


Glycine labeled with C“ in the a-carbon! was fed to three groups of about 
thirty tobacco plants under conditions previously described (1). Each 
plant received in 50 ml. of nutrient solution 1.3 X 10-5 mole (1 mg.) of 
glycine having a radioactivity of 1 K 105 c.p.m. After the desired grow- 
ing period, nicotine was isolated from the whole plants as the dipicrate 
(1), which was then measured for radioactivity with a thin end window 
Geiger-Miiller tube and a Nuclear Instrument and Chemical Corporation 
scaler. The efficiency of the tube as used was 1.8 per cent. The results 


TaBLE [ 
Incorporation of Glycine into Nicotine in Tobacco Plant Metabolism 
ae | 





Maximal specific activity 

















Position of C™ in glycine | Growth period : 
Nicotine dipicrate | Panne cng = 
pernasnieniinammnetascemps - = = a 
| days | c.p.m. per mM X 108 | c.p.m. per mm X 108 
maSDOR............. als 10 13.6 10.2 
- giiokoraeicaee 6 10 9.0 6.8 
ee | 7 | 8.5 8.5 
Carboxy] 7 0 
ere | 7 | 0 











of measurements of the nicotine dipicrate for radioactivity are presented 
in Table I and are expressed as counts per minute per millimole at “in- 
finite thinness.” The nicotine dipicrate was radioactive after feeding the 
glycine labeled in the a-carbon for 10 days, and also had the same order of 
radioactivity after a 7 day feeding period. 

It was next of interest to ascertain how much of the radioactivity in the 
nicotine was located in the N-methyl group. For such measurements 
nicotine was recovered from the dipicrate by azeotropic distillation with 
water from an alkaline medium, the recovered nicotine was demethylated, 
and the methyl group was obtained as methyltriethylammonium iodide by 
a procedure described previously (1). The radioactivity of the methyl- 
triethylammonium iodide from each sample of nicotine is presented in the 
last column of Table I. It will be noted that after feeding glycine for 10 
days the quaternary iodide was about 75 per cent as radioactive as the 
nicotine dipicrate. On the other hand, the iodide had essentially the same 


‘Obtained from Tracerlab, Inc., Boston, Massachusetts. 
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radioactivity as the nicotine dipicrate derived from plants fed glycine for 
7 days. It is probable that the difference in activity between the methyl- 
triethylammonium iodide and nicotine with longer feeding periods repre. 
sented indirect incorporation of the a-carbon of glycine into other parts of 
the nicotine molecule. 

For a comparison of the incorporation of the 2 carbons of glycine into 
the methyl group of nicotine, and to test the hypothesis that glycine ag a 
unit may be incorporated into the pyrrolidine ring of nicotine, glycine 
labeled with C™ in the carboxyl group! was fed to two groups of plants for 
7 days under conditions similar to those used for feeding glycine labeled 
in the a-carbon. Nicotine dipicrate isolated from these plants had no 
detectable radioactivity, as shown in Table I. It seems clear, therefore, 
that neither does the carboxyl carbon of glycine serve directly as a pre- 
cursor of the methyl group of nicotine nor does intact glycine appear to 
enter into the biosynthesis of the pyrrolidine ring of nicotine. 


DISCUSSION 


The present study has shown that the a-carbon of glycine may serve as 
a precursor for the N-methyl group of nicotine in tobacco plant metab- 
olism. Weissbach, Elwyn, and Sprinson (3) originally demonstrated the 
réle of the glycine a-carbon in metabolism by showing its incorporation 
into the methyl groups of choline by rats. Stekol et al. (4) and Arnstein 
and Neuberger (5, 11) have presented evidence to indicate that in rat 
metabolism the a-carbon of glycine is incorporated more slowly into cre- 
atinine and choline than are the methyl] groups of methionine and betaine, 
the carbon of formate, or the B-carbon of serine. In other words, in 
comparison to other methyl group precursors, the a-carbon of glycine is 
rather slowly introduced into methylated compounds in animal metabo- 
lism. However, in metabolic methylation reactions in plants, the a-carbon 
of glycine is incorporated into the nicotine methyl group at least as rapidly 
as the methyl groups of methionine and choline and more than 10 times 
as rapidly as the carbon of formate. It has been suggested by Weinhouse 
and Friedmann (12) that glycine upon oxidative deamination gives rise to 
glyoxylic acid which might then be converted to CO, and formate, the 
formate being derived from the aldehyde carbon of glyoxylic acid. Tol- 
bert, Clagett, and Burris (13) have indicated that the oxidative cleavage 
of glyoxylic acid to yield formate and CO» may occur in plant preparations, 
but Kenten and Mann have shown that this reaction is probably non- 
enzymatic in nature (14). Although part of the a-carbon of glycine may 
be converted to the methyl group of nicotine by way of formate, this is 
not its only pathway. Indeed it would appear to be a minor one, as indi- 
cated by the much faster rate of entry of glycine, compared with formate, 
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into nicotine. It previously has been demonstrated (15) that transmethy- 
lation from methionine to the methyl group of nicotine may occur. It 
seems possible that some of the a-carbon of glycine may be reduced to the 
methyl group of methionine and then undergo transmethylation. How- 
ever, since the glycine a-carbon was introduced into the nicotine methyl 
group at least as rapidly as were methionine methyl groups, it seems neces- 
sary to assume another means of incorporation. It appears possible to 
postulate the formation of a 1-carbon unit at the oxidation state of form- 
aldehyde which would be reduced directly to give the methyl group of 
nicotine and possibly of other methylated products. Although no infor- 
mation is available concerning intermediates in such a reaction in plant 
metabolism, the proposal of Kisliuk and Sakami (16) that 5-N-hydroxy- 
methyltetrahydrofolic acid is ‘‘active formaldehyde” in animal metabolism 
suggests that it might also be involved in the glycine to nicotine reaction. 
In support of the supposition that ‘‘active formaldehyde” may be an inter- 
mediate is the finding that formaldehyde may be a precursor of methyl 
groups in animal metabolism (17, 18). Berg (19) has further shown that 
formaldehyde, in pigeon liver extracts, is not oxidized to formate before its 
introduction into the methyl group of methionine. 

It has been postulated by Mortimer (7) that glycine as a unit may react 
with a metabolic derivative of tryptophan to become part of the pyrroli- 
dine ring of nicotine. The evidence of the present paper seems to rule out 
such a suggestion. The small incorporation of the a-carbon of glycine 
noted in a 10 day feeding experiment has been considered to be an indirect 
reaction, possibly through oxidation to COs. 

It is, however, possible that the nitrogen of the pyrrolidine ring may arise 
from the amino group of glycine and the methyl group from the a-carbon 
without separation of the 2 atoms. This possibility is being investigated 
with glycine doubly labeled with C“ in the a-carbon and N" in the amino 
group. 


SUMMARY 


The a-carbon of glycine served as a precursor for the N-methyl group of 
nicotine in intact tobacco plants. The incorporation of the glycine a-car- 
bon into the nicotine methyl group was at least as rapid as the incorpora- 
tion of the methyl groups of methionine or choline and over 10 times as 
rapid as the incorporation of the carbon of formate. In a 7 day growing 
period, the carboxyl carbon of glycine did not appear in any part of the 
nicotine molecule. 
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A METHOD FOR THE ESTIMATION OF INULIN IN 
PLASMA AND URINE CONTAINING DEXTRAN* 


By J. R. K. PREEDY 


(From the Department of Medicine, College of Physicians and Surgeons, Columbia 
University, and the Presbyterian Hospital, New York, New York) 


(Received for publication, March 12, 1954) 


Simultaneous determination of glomerular filtration rate by inulin clear- 
ance may be required during studies of the renal excretion of the bacte- 
rial polysaccharide, dextran. This involves the estimation of both inulin 
and dextran in the same plasma and urine samples. Unfortunately, dex- 
tran interferes with the analysis of inulin, both by the method of Alving, 
Flox, Pitesky, and Miller (1) and by that of Roe, Epstein, and Goldstein 
(2). 

A modification of the method of Roe et al. (2) is here proposed, in which 
dextran is removed by precipitation from ethanolic solution. This allows 
inulin to be estimated without interference. 


Method 

Reagents— 

1. Zine chloride solution. 50 gm. of dry zine chloride are dissolved and 
made up to 500 ml. with distilled water. After mixing, the solution is 
allowed to stand for 1 hour and then filtered. 

2. Sodium hydroxide solution. 29.5 gm. of sodium hydroxide are dis- 
solved and made up to 500 ml. with distilled water. 

The concentration of the zinc chloride and sodium hydroxide solutions 
must be adjusted after titration so that equal volumes are exactly equiva- 


lent. The pH after mixing equal volumes of the two solutions should not 
be greater than 6.0. 


3. Ethanol, 95 per cent. 

4. Hydrochloric acid solution. 835 ml. of concentrated hydrochloric 
acid are mixed with 165 ml. of distilled water, in which 7.5 mg. of ferric 
chloride have been dissolved. 

5. Resorcinol-thiourea solution. 0.1 gm. of resorcinol and 0.25 gm. of 
thiourea are dissolved in 100 ml. of glacial acetic acid. 

6. Standard inulin solution. 200 mg. are dissolved in hot distilled water. 
The solution is cooled and made up to 100 ml. This solution is then diluted 


* This investigation was supported by the Research and Development Division, 


Office of the Surgeon General, Department of the Army, under contract No. DA-49- 
W07-MD-205. 
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to obtain standard solutions containing 5, 10, 20, 40, and 50 mg. of inulip 
per 100 ml. 

7. Standard dextran solutions. 100 to 1200 mg. of dextran per 100 ml, 
of water. The specimen of dextran used (obtained from the Commercial 
Solvents Corporation) has a molecular weight range of 15,000 to 200,000, 


Procedure 


1 ml. of plasma, or urine diluted to contain 15-55 mg. of inulin per 100 
ml., is pipetted into a thick Pyrex test-tube, 12.5 em. long X 1.2 em. bor, 
To this are successively added 7 ml. of distilled water, 1 ml. of zine chlo- 
ride solution, and 1 ml. of sodium hydroxide solution. The solution is 
mixed well by frequent inversion, then centrifuged at 2500 r.p.m. for 15 
minutes. 

2 ml. of supernatant fluid are pipetted into a similar Pyrex tube, 8 ml, 
of ethanol are added, and the solution is again mixed by inversion. The 
dextran is slowly precipitated. After standing for 1 hour, the tube is cen- 
trifuged at 3000 r.p.m. for 20 minutes. 4 ml. of supernatant fluid are then 
pipetted into a centrifuge tube, 11.5 em. long X 2.5 cm. bore, and evap- 
orated to dryness in a boiling water bath. 

As soon as evaporation is complete, the tube is removed from the bath. 
1 part of resorcinol-thiourea reagent is mixed with 2 parts distilled water, 
and 3 ml. of this mixture are pipetted into the centrifuge tube. The dried 
residue dissolves easily. 7 ml. of hydrochloric acid solution are then added. 

The standard inulin solutions are diluted 1:25 with water, and 2 ml. of 
each dilution are pipetted into a similar centrifuge tube, together with | 
ml. of resorcinol-thiourea solution and 7 ml. of hydrochloric acid solution. 
2 ml. of distilled water are treated similarly as a blank. 

All tubes are covered with glass globes and placed in a water bath, main- 
tained at 80°, for 10 minutes. The tubes are removed and cooled immedi- 
ately by being placed in tap water. 

The color intensity of each solution is estimated by the percentage trans- 
mission of a wave band centered on \ 512 my in a Coleman junior spectro- 
photometer. The percentage transmissions of the standard inulin solutions 
are plotted against concentration on semilogarithmic paper, and the inulin 
concentration of the unknown solution is estimated from the graph so ob- 
tained. 


Results 


The percentage transmissions of the standard inulin solutions, plotted as 
above, were found to bear a linear relationship to concentration (Table I). 
The same standard solutions were also analyzed by subjecting 1 ml. 


aliquots to the whole procedure as detailed for plasma or urine. Percent 
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nulin | age transmissions similar to those above were obtained, indicating that no 
significant loss of inulin had occurred. Addition of 1 ml. of dextran (400 
) ml, 
-rcial TaBie I 


000, | Comparison of Color Obtained from Inulin Standard Solutions Diluted 1:25 with Water 
and Treated with Zinc Chloride-Sodium Hydroxide and Ethanol 


Each percentage transmission represents the mean of two or three estimations. 
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r 10 Percentage transmission 
bore Inulin standard — 
ae | Simple water dilution With ZnCle-NaOH and ethanol 
On is or, mg. per 100 ml. | | 
or 15 5 93.0 | 93.0 
10 87.5 88.5 
8 ml 20 | 77.5 76.0 
= 40 60.0 61.0 
The 50 53.5 54.0 
3 cen- — ~— 
- then 
TABLE II 
evap- : : ; 
Inulin Recoveries from Plasma in Presence of Dextran 
bath. Specimen | —— Inulin added | Dextran added | ——e | Added inulin recovered 
vater, To”) aes ——_ aa RE Pees Ce ae 
dried | mg. per 100 ml. mg. per 100 ml. mg. per 100 ml. | mg. per 100 ml. per cent 
dded. 1 | 07 | 40.0 | 40 | 400 | 98 
ner 2 4.25 , 39.0 | 400 | 42.25 | 98 
a 3 4.75 | 60 | 400 | 105 | 98 
‘ith | 4.75 10.0 400 14.25 | 97 
ution. 4.75 | 39.0 | 400 | 43.5 | 99 
4.75 50.0 400 54.5 99 
main- .) o8 | ee | 400 | 47.25 | 97 
oak. | 9.5 | 50.0 400 60.25 | 101 
5 6.75 | 30.75 | 400 38.25 | 102 
6.75 48.75 400 57.0 103 
trans- 6 8.75 | 39.25 | 100 =| 49.0 | 102 
ectro- 8.75 30.25 | 200 | 48.25 | 100 
utions | 8.75 39.25 | 600 | 49.0 102 
inulin | 6.50 | 31.0 1200 39.0 | 104 
so ob- | ee ee By ar ‘ “Pat an ? 
aie I NE soos kde PO 2RS dw eRay Kev areensuNewA 100.0, s.d. 2.3 








mg. per 100 ml.) in place of 1 ml. of water diluent did not significantly 
ted as | affect the readings. 

ble I). Consecutive recoveries of added inulin from plasma and urine containing 
1 ml} dextran are shown in Tables II and III. The dilution of urine varied 
rcent- | between 1:20 and 1:40. Recoveries of added inulin in the presence of 
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dextran were 100.0 per cent for plasma and 101.2 per cent for urine. The 
standard deviations were 2.3 and 2.2, respectively. 


TABLE III 


Inulin Recoveries from Urine in Presence of Dextran 


Total “inulin” 





— — Inulin added Dextran added Send Added inulin recovered 
mg. per 100 ml.| mg. per 100 ml. | mg. per 100 ml. mg. per 100 ml. per cent 

1 2.25 39.0 400 42.75 104 
2.25 50.0 400 53.75 103 

2 0.25 30.75 400 32.0 104 

3 0.25 30.75 400 30.75 99 

4 0 30.75 400 32.0 104 

5 1.0 50.0 400 49.25 97 

6 0.25 30.25 400 30.75 101 
0.25 50.0 400 50.25 100 

7 1.25 30.25 400 31.25 99 
1.25 50.0 400 50.0 98 

8 0 30.25 400 31.25 103 

0 50.0 400 50.0 100 

9 0 52.0 100 53.5 103 

0 52.0 200 52.0 100 

0 52.0 300 52.0 100 

0 52.0 600 53.0 102 

0 52.0 1200 53.5 103 

Mean inulin recovery...... Bn DS ee a ee 101.2, s.d. 2.2 





DISCUSSION 


The above studies indicate that, by the proposed modification of the 
method of Roe et al. (2), plasma and urine inulin, 10 to 50 mg. per 100 ml., 
can be satisfactorily estimated in the presence of 100 to 1200 mg. per 100 
ml. of dextran. It is probable that even this ratio can be exceeded. 

The use of zinc chloride-sodium hydroxide as a protein precipitant was 
decided on after many other reagents had been found unsatisfactory. 
Thus, ZnSOy-NaOH caused some precipitation of inulin from ethanolic 
solution, and Zn(CH;COO).-NaOH caused a high blank to develop with 
plasma and urine. Cadmium sulfate, sodium tungstate-sulfuric acid, and 
trichloroacetic acid were also found to be unsatisfactory. 

Sufficiently complete precipitation of dextran was obtained after the 
addition of 8 ml. of 95 per cent ethanol to 2 ml. of supernatant fluid. With 
higher concentrations of ethanol some inulin was removed from solution, 
and at lower concentrations it was doubtful whether all the dextran would 
be precipitated. Estimations of dextran (3) before and after treatment 
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with zinc chloride-sodium hydroxide indicated that a proportion of dextran 
was removed at this stage also. In fact, when the dextran concentration 
is low in relation to that of inulin, the addition of ethanol may be omitted. 
The use of a trace of ferric chloride in the hydrochloric acid solution, 
suggested by Bacon and Bell (4), greatly increases the stability of the color 
produced with resorcinol-thiourea (5) and also increases its intensity. 


SUMMARY 


A modification of the method of Roe et al. (2) for the estimation of inulin 
in plasma and urine containing dextran is proposed. 

Dextran is precipitated from ethanolic solution after removal of protein 
with zinc chloride-sodium hydroxide. Mean recoveries of added inulin 
from plasma and urine, in the presence of up to 40 times the concentration 
of dextran, were 100.0 per cent, s.d. 2.3, and 101.2 per cent, s.d. 2.2, re- 
spectively. 
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ENZYMATIC PHOSPHORYLATION OF NUCLEOSIDE 
DIPHOSPHATES 


By PAUL BERG* anp W. K. JOKLIK{ 
(From the Institute of Cytophysiology, Copenhagen, Denmark) 


(Received for publication, April 5, 1954) 


The isolation of nucleoside triphosphates from biological sources was, 
until recently, limited to ATP.! However, electrophoretic (1) and chro- 
matographic (2) analyses of several commercial preparations of ATP indi- 
cated the presence of components possessing a greater net charge than 
ATP. Lipton et al. (3) have shown that one of these components is UTP. 
Bergkvist and Deutsch (4) have reported the presence of guanosine tri- 
phosphate as well as UTP in the barium-precipitable nucleotides of muscle. 
Furthermore, Utter, Kurahashi, and Rose (5) have obtained evidence sug- 
gesting the presence of inosine polyphosphates in commercial samples of 
ATP. 

In the present paper we wish to report the existence of an enzymatic 
synthesis of inosine and uridine triphosphate by a direct phosphorylation of 
the corresponding diphosphate with ATP. The reactions have been 
demonstrated to occur as follows: 


(1) ATP + IDP @ ADP + ITP 
(2) ATP + UDP 2 ADP + UTP 


The enzyme for which the name nucleoside diphosphokinase has been 
proposed has been partially purified from brewers’ yeast and rabbit muscle, 
and the properties and mechanism of the reaction have been investigated. 
A preliminary report of these studies has appeared earlier (6). After the 
completion of these experiments, a report by Krebs and Hems (7) was 
published demonstrating what appears to be the same enzyme in prep- 
arations of pigeon breast muscle and rat intestinal mucosa. 


* Research Fellow of the American Cancer Society, recommended by the Com- 
mittee on Growth of the National Research Council. Present address, Department 
of Microbiology, Washington University School of Medicine, St. Louis, Missouri. 

t Research Fellow of the Australian National University. Present address, De- 
partment of Microbiology, Australian National University, Canberra, Australia. 

‘The following abbreviations are used: adenosinetriphosphate, ATP; adenosine- 
diphosphate, ADP; adenosinemonophosphate, AMP-5’; inosine triphosphate, ITP; 
inosine diphosphate, IDP; inosine monophosphate, IMP-5’; uridine triphosphate, 
UTP; uridine diphosphate, UDP; uridine monophosphate, UMP-5’; uridine diphos- 
phoglucose, UDPG; uridine diphosphoacetylglucosamine, UDPAG; tris(hydroxy- 
methyl)aminomethane, Tris. 
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EXPERIMENTAL 


Materials—P*-labeled ATP was isolated as the barium salt from the 
muscles of a rabbit injected intravenously with 10 mc. of P*-sodium phos. 
phate? according to the method of Dounce et al. (8). It contained no mor 
than 5 per cent of ADP as determined by ionophoretic analysis and the 
ratio of adenine to acid-labile phosphate. The distribution of radioactivity 
in the three phosphate groups was determined as follows: A sample of the 
sodium salt was hydrolyzed for 10 minutes in 1 Nn sulfuric acid at 100° and 
the inorganic phosphate precipitated with magnesia mixture. The pre. 
cipitate was removed by centrifugation and washed with magnesia mixture, 
The washings and supernatant fluid were combined and diluted to a known 
volume. The magnesium-ammonium phosphate complex was dissolved in 
0.1 n hydrochloric acid and diluted to the same volume. Aliquots of each 


TaBLe I 
Analysis of P**-Labeled Adenosinetriphosphate 





Fraction analyzed Specific activity 


C.p.m. per um 


A ae ; ae ease Wirt ea 3480 
Stable phosphate............. eid nds 145 
Terminal pyrophosphate. . . pokes arte mans eteolis 3330 

= phosphate. . ; ; , 1500 


Middle phosphate. ay 1830 


were deposited on planchets and counted with an end window Tracerlab 
Geiger counter. The counts per minute in the supernatant fraction gave 
the value for the acid-stable phosphate, whereas from the dissolved precip- 
itate fraction the radioactivity of the two terminal phosphate groups was 
determined. The acid-labile phosphate groups were analyzed further by 
incubating a sample of the ATP with glucose and purified yeast hexokinase 
(9) until half of the acid-labile phosphate had been converted to acid-stable 
phosphate. Phosphate determinations were made by the method of Fiske 
and Subbarow (10). The resulting ADP was isolated by paper ionophor- 
esis as described under ‘‘Methods,” and the radioactivity was determined. 
The P® content of the ADP provided the value for the radioactivity of the 
middle phosphate group and by difference, from the total acid-labile phos- 
phate, the value for the terminal phosphate. A summary of these results 
is shown in Table I. P**-labeled ITP was prepared from the ATP by chenm- 
ical deamination by the method of Kleinzeller (11). ADP was prepared 


2 P32_Sodium phosphate was obtained from The Atomic Energy Research Estab- 
lishment, Harwell, England. 
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from unlabeled ATP by the action of hexokinase and glucose and it was 
isolated as the barium salt. UTP was a synthetic sample prepared and 
generously donated by Professor A. R. Todd of the University of Cam- 
bridge. This preparation was 50 per cent pure as judged by paper iono- 
phoretic and enzymatic analyses (6). UDP and UMP-5’ were obtained 
from an acid hydrolysate of UDPG isolated from yeast by the method of 
Caputto et al. (12). Inosine- and adenosine-5’-phosphate were commercial 
products.* 

Adenylate kinase was prepared from rabbit muscle by the procedure of 
Colowick and Kalckar (13). This preparation was usually contaminated 
with varying amounts of “‘nucleoside diphosphokinase’”’ and was freed of 
this activity in the following manner: To 3 ml. of the enzyme solution was 
added 1 ml. of 0.2 m succinate buffer, pH 6.0, containing approximately 
50 mg. of reduced glutathione. The solution was placed in a boiling water 
bath for 2 minutes and then cooled. The heavy coagulum was removed 
by centrifugation. This procedure resulted in the complete loss of ‘“nu- 
deoside diphosphokinase”’ activity with only about 25 per cent loss of 
adenylate kinase activity. 

Adenylic acid deaminase was obtained from rabbit muscle by the pro- 
cedure for Preparation A of Kalckar (14). 


Methods 


Separation of Nucleoside Polyphosphates—Nucleoside polyphosphate 
mixtures were separated by differential paper ionophoresis. Aliquots to be 
analyzed were deposited in a thin band onto strips (4 X 50 cm.) of What- 
man No. 3 MM filter paper. The strips were wetted with the buffer to be 
employed, care being taken to allow the solution to approach the starting 
line by capillary action. This procedure minimizes diffusion of the com- 
pounds to be analyzed from the starting line. The strips were hung over 
aglass rod suspended above and midway between two trays containing the 
buffer and two carbon electrodes (15). The entire apparatus was covered 
so as to reduce evaporation and drying out of the strips. For complete 
separation of the inosine and adenosine polyphosphate fractions, 0.02 m 
sodium citrate buffer, pH 3.5, and a direct current of 220 volts for 20 hours 
were used. The compounds were located on the paper with an ultraviolet 
lamp. Fig. 1, A shows the degree of separation usually obtained. For 
subsequent separation of the di- and triphosphates, the area containing the 
mixed fraction was cut out, eluted with water, and, following application to 
anew strip, subjected to a similar period of ionophoresis in 0.02 m sodium 
titrate buffer, pH 4.7. Fig. 1, B is a diagram of the separation of the di- 
and triphosphate nucleosides. Uridine polyphosphates, which moved 


* Obtained from the Sigma Chemical Company, St. Louis, Missouri. 
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faster than the inosine compounds at pH 3.5, could also be resolved at pH 
4.7. The monophosphate derivatives moved more slowly than the analo. 
gous diphosphates. Isotope and spectral analyses were made on the solu. 
tions obtained by elution with water of those areas containing ultraviolet. 
absorbing material. 

Assay of Nucleoside Diphosphokinase—The enzyme was routinely assayed 
with ATP and IDP as the substrates and in the presence of an excess of 
adenylate kinase and adenylic acid deaminase. The over-all series of reag. 
tions involved is shown in Reactions 3 to 6. 





(3) 2ATP + 2IDP = 2ITP + 2ADP 

(4) 2ADP = ATP + AMP-5’ 

(5) AMP-5’ — IMP-5’ + NH; 

(6) ATP + 2IDP — IMP-5’ + 2ITP + NH; 


The rate of the reaction was followed by the rate of decrease in absorp- 
tion at 265 my resulting from the deamination of AMP-5’ (16) and was 
calculated on the basis that 2 um of phosphate were transferred from ATP 
and 2 um of ITP were formed per micromole of AMP-5’ deaminated. The 
formation of IMP-5’ as measured by the increase in absorption at 240 my 
(16) was usually determined and found to be in agreement with the value 
of AMP-5’ disappearance. The routine assay mixture contained the fol- 
lowing: 0.4 ml. of sodium succinate buffer, pH 6.0 (0.2 m), 10 ul. of MgC), 
(0.5 m), 10 wl. of ATP (0.022 m), 10 ul. of IDP (0.064 m), 15 y of the 
adenylate kinase preparation, 40 y of the adenylic acid deaminase prep- 
aration, 5 to 30 ul. of the enzyme solution to be tested, and water to a final 
volume of 0.5 ml. The mixture was incubated at 37° for 15 minutes and 
the reaction stopped by adding 30 ul. of 70 per cent perchloric acid. After 
centrifuging an aliquot of the reaction mixture, the supernatant fluid was 
diluted 10-fold with water. The ultraviolet absorption at 265 and 240 ms 
was read against a blank containing an identical mixture incubated in the 
absence of enzyme. An alternative procedure was to terminate the reac- 
tion by the addition of 5 ml. of 0.1 n hydrochloric acid and to read this 
solution at 265 my against the same mixture incubated without enzyme. 
It was found by adding known amounts of ADP or AMP-5’ to the incuba- 
tion mixture that the deamination of 1 y of adenylic acid per ml. gave a 
decrease in optical density of 0.025 at 265 mu. A plot of the amount of 
AMP-5’ deaminated as a function of enzyme concentration is shown in 
Fig. 2. It can be seen that the rate under these conditions is proportional 
to the amount of enzyme added. The unit of enzyme activity was defined 
as that amount of enzyme which catalyzed the transfer of 1 um of phos 
phate per hour per mg. of protein under these conditions. Protein concer 
trations were determined nephelometrically by the method of Biicher (17). 
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Results 


During a study of the hexokinase-catalyzed phosphorylation of glucose 
by ITP, in which glucose-6-phosphate dehydrogenase and triphospho- 
pyridine nucleotide were used to measure the reaction (18), it was observed 
that catalytic amounts of ADP markedly increased the rate of glucose-6- 
phosphate formation. Since adenylate kinase was absent in these prep- 
arations, this suggested that ATP might be formed in the presence of ITP 
and ADP. This was shown to be the case by the following experiments. 
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Fig. 1. Separation of nucleoside polyphosphates by paper ionophoresis. A, pH 
3.5, 0.02 m sodium citrate buffer; B, pH 4.7, 0.02 m sodium citrate buffer. 


Fig. 2. Effect of enzyme concentration on reaction rate. Reaction mixture given 
under enzyme assay in ‘‘Methods.” 


°o 


P#labeled ITP was incubated with ADP and the glucose-6-phosphate 
dehydrogenase preparation (19), which contains nucleoside diphospho- 
kinase, and aliquots were removed at various time intervals, heated at 100° 
for 3 minutes, and then subjected to ionophoresis on paper at pH 3.5, as 
described above. The combined ITP-IDP and ATP-ADP fractions were 
cut out and eluted with water, and the radioactivity was determined. The 
results of this and a similar experiment, with P*-labeled ATP and un- 
labeled IDP, are presented in Table II. When the IDP was omitted from 
the incubation, there was no transfer of P® activity (see Table V). The 
data demonstrate that there was a rapid incorporation of radioactivity from 
ATP® into the inosine polyphosphate fraction and from ITP® into the 
adenosine polyphosphate fraction. Furthermore, the reaction in both cases 
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did not go to completion but appeared to have reached a similar limiting 
value, namely, when about 20 to 30 per cent of the initial P® activity had 
been transferred. The significance of this finding is discussed under “Equi- 
librium studies.” 

As can be seen from Reaction 1, the reaction might have occurred either 
by a transfer of the amino group of the adenine component to the hypo- 
xanthine moiety or by a transfer of a phosphate group from the labeled 
nucleoside triphosphate to the diphosphate. To distinguish between these 


TaBLeE Il 
Transfer of Phosphate from Nucleoside Triphosphate to Nucleoside Diphosphate 


Radioactivity 


Experiment Labeled substrate Time 7 aan te » —— P 
ATP + ADP ITP + IDP 
min. c.p.m. c.p.m. 
A ATP 0 13 ,300 116 
5 12,500 930 6.9 
10 12,300 1210 9.0 
20 9,700 1740 15.0 
60 10,200 2760 21.2 
120 9 , 400 2640 21.4 
B ITP 0 310 5580 
20 1,920 4770 28.3 
40 2,140 4550 32.0 
160 1,970 4800 29.1 





The reaction mixture for Experiment A contained, in a total volume of 1 ml., 
Tris buffer, pH 8.0 (1 X 10-' mw), MgCl. (1.7 X 10-2 m), IDP (7 X 10-* m), P**-labeled 
ATP (7 X 10°), and 1 mg. of glucose-6-phosphate dehydrogenase preparation (19). 
Temperature 37°. For Experiment B, 1 ml. contained Tris buffer, pH 8.0 (1 X 10° 
mM), MgCl. (1.7 X 10°? m), ADP (2 X 107? m), P*-labeled ITP (2 X 10-* Mm), and05 
mg. of glucose-6-phosphate dehydrogenase preparation (19). 


two possible mechanisms, an experiment similar to Experiment B of Table 
II was performed and each component of the mixture isolated. Since the 
ATP was almost equally labeled in the two terminal phosphate groups (see 
Table I), a transphosphorylation mechanism would yield ITP and ADP 
with specific activities approximately one-half that of the ATP, whereas 
transamination would lead to the formation of ITP with the same specific 
activity as the ATP and unlabeled ADP. The results obtained, together 
with the values predicted for both types of mechanisms, are presented in 
Table III. It is clear from the data that the reaction involved a transfer 
of phosphate rather than of an amino group. 

To study the reaction in more detail, the enzyme was partially purified 
from brewers’ yeast and rabbit muscle extracts. 
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Purification of Enzyme from Yeast—Dried brewers’ top yeast‘ was auto- 
lyzed for 16 hours at 37° with 3 times its weight of distilled water. 50 ml. 
portions of the autolysate in a 250 ml. Erlenmeyer flask were heated in a 
boiling water bath. The solution was stirred continuously, and, when the 
temperature reached 65°, the contents were cooled to 5° in an ice bath. 
The precipitated proteins were removed by centrifugation and to every 10 
ml. of heated extract (Fraction I) were added 3.5 gm. of ammonium sul- 
fate, and the solution was kept at 0° for 1 hour. After centrifuging, the 
precipitate was discarded and to every 10 ml. of supernatant fluid was 
added 0.9 gm. of ammonium sulfate. After 30 minutes the resulting pre- 
cipitate was centrifuged and dissolved in about one-fifth of the original 
volume of cold distilled water. The solution was chilled to 0° and 5 mg. 


TaBLe III 


Determination of Specific Activity of Components of Reaction 


Theoretical for 
Compound isolated 





SSeS Se ‘ | Formed 
| 


Transamination { Senneypenphonytesiony 
Tr... : ; 1920 1920 1920 
IDP. 0 0 0 
ADP... er : ‘ 0 960 1045 
ae 1920 960 930 





The figures represent counts per minute per micromole. The reaction mixtures 
contained, in 0.65 ml., Tris buffer, pH 8.0 (1 X 107! m), P*®-labeled ATP (7 X 10-* o), 
IDP (7 X 10° m), and 0.25 mg. of glucose-6-phosphate dehydrogenase preparation 
(19). Incubated 90 minutes at 37°. 


of protamine sulfate were added per ml. of enzyme solution. The pre- 
cipitate was removed by centrifugation and the supernatant solution was 
treated with acid-washed Norit, 5 mg. per ml., at room temperature for 
30 minutes, and then the Norit was removed by centrifugation. This 
procedure removed a major portion of the brown colored material present 
with no loss of enzyme activity. To every 10 ml. of the Norit supernatant 
fluid (Fraction III) were added 3.9 gm. of ammonium sulfate and the 
precipitate was removed by centrifugation. For each 10 ml. of supernatant 
solution, 0.5 gm. of ammonium sulfate was added, and after 30 minutes 
the precipitate was centrifuged and dissolved in approximately one-fifth 
the volume of Fraction III (Fraction IV). The enzyme solution was stored 
at 3° and maintained its activity for at least 2 weeks. 

Purification of Enzyme from Rabbit Muscle—The muscles from the legs 
and back of a rabbit were chilled and minced with a meat chopper. The 


‘The yeast was obtained from Kongen’s Bryghus, Copenhagen, Denmark. 





664 NUCLEOSIDE DIPHOSPHATE PHOSPHORYLATION 


ground tissue was extracted with 1 volume of ice-cold distilled water for 
30 minutes and squeezed through cheese-cloth. The extract was dialyzed 
for 4 hours against tap water at about 10° and any precipitate which formed 
was discarded (original extract). To each volume of extract was added 
0.55 volume of saturated ammonium sulfate solution (saturated at room 
temperature) and the solution allowed to remain in an ice bath for 30 min- 
utes. The precipitate was removed by centrifugation and discarded. To 
each volume of the supernatant solution was added 0.45 volume of sat- 
urated ammonium sulfate and, after cooling as above, the precipitate was 
removed by centrifugation, dissolved in approximately half the original 
volume with distilled water, and dialyzed overnight at 4° against distilled 
water. The precipitate which formed was discarded. The supernatant 
solution (Fraction I) was made 0.06 m with respect to acetic acid by the 
addition of 1 m acetic acid, whereupon the pH dropped to about pH 3.5. 
The solution was immediately neutralized to pH 6.8 with 1 n NaOH and 
the heavy precipitate was centrifuged and discarded. To each volume of 
supernatant solution (Fraction II) were added 1.2 volumes of saturated 
ammonium sulfate. The precipitate was removed and discarded. For 
every volume of this solution, 1.1 volumes of saturated ammonium sulfate 
were added. After centrifuging, the precipitate was dissolved in about 
one-third the volume of Fraction II and dialyzed overnight against distilled 
water at 4° (Fraction ITI). 

A suitable and more rapidly obtained preparation was made by diluting 
the original muscle extract with an equal volume of ice-cold water, adding 
0.05 volume of 1 m acetic acid, and heating 50 ml. aliquots at 55° for 1 
minute and then cooling in an ice bath. The solution was adjusted to 
pH 6.8 with 1 m NaOH and the heavy precipitate discarded. 

The course and results of the two purification procedures are summarized 
in Table IV. Besides the above two sources, we have observed the presence 
of the enzyme in beef brain acetone powder extracts, bakers’ yeast, and 
brewers’ bottom yeast; however, these sources were not investigated fur- 
ther. The enzyme has also been reported to be present in pigeon breast 
muscle and rat intestinal mucosa (7), and in extracts of chicken liver ace- 
tone powder (5). 


Properties of Reaction 


Kinetics—With excess adenylate kinase, adenylic acid deaminase, and 
IDP, both labile phosphate groups of ATP are utilized for the phosphor- 
ylation of IDP according to Reaction 6. This is shown experimentally 
in Fig. 3. When 0.22 um of ATP was added, the reaction came to a halt 
when 0.20 um of AMP-5’ had been deaminated. In the absence of IDP 
there was no significant disappearance of ATP over a 60 minute period. 
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Optimal Conditions—All the studies of the optimal conditions of the 
reaction were carried out in two stages. The enzyme was incubated with 
ATP and IDP under the conditions to be studied and the reaction stopped 
after 15 minutes by heating at 100° for 1 minute. The amount of ADP 

















TABLE 1V 
Purification of Nucleoside whe. mate nent 
Source Fraction Volume Total units {Specific activity 
Le = | — 
mi. | | ero. 

Yeast Autolysate 140 | 140,000 | 53 

Fraction I 120 | 108,000 | 120 

a II | 30 79,000 920 

si ~ 30 | 75,000 1520 

P “ 5 | 44,000 | 4000 

Rabbit muscle r Jriginal iii 150 | 23,000 8 

Fraction I | 60 | 17,000 | 25 

= 70s 9,500 | 95 

} « JIT 20 6,000 175 

Rabbit muscle | | Original extract 10 650 6 

Fraction heated in 0.05 m 11 600 50 
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Fig. 3. Time-course of Reaction 6. The reaction mixture contained, in a volume 
of 0.5 ml., sodium succinate buffer, pH 6.0 (2 X 107! m), MgCl: (1 X 10-? m), ATP 
(4.4 X 10-4 m), IDP (1.2 X 10-* m), adenylate kinase 20 7, adenylic acid deaminase 
50 y, and yeast Fraction 110 y. Temperature 37°. 


formed was then determined by the combined action of adenylate kinase 
and adenylic acid deaminase (16). In the case of the metal studies, it was 
first determined that Mn++ and Ca++ had no effect in the presence of Mgt+ 
on the system measuring the amount of ADP formed. 

The reaction had a pH optimum between pH 6 and 8. The rate at pH 
5 and 9 was approximately 30 and 70 per cent, respectively, of that at pH 
6. Between 37-50° the reaction rate was the same. At higher temper- 
atures the enzyme was inactivated under the conditions of the assay. 
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The enzyme was inactive in the absence of a divalent metal. The re. 
action rate was optimal at a concentration of 5 X 10-°m Mg++. Mn* and 
Ca** at the same concentrations were equally effective. 

Equilibrium Studies—In isotope studies, Reaction 1 was shown to be 
reversible. This was also demonstrated spectrophotometrically in the 
following manner. ATP and IDP were incubated with the yeast enzyme 
and the reaction was terminated at various time intervals. The amount 
of ADP formed was analyzed by using adenylate kinase and adenylic acid 
deaminase as described earlier. Fig. 4, A shows the amount of ADP formed 
as a function of time. On starting with 0.22 um of ATP, the reaction 
stopped when approximately half the ATP had been utilized. Likewise, 
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Fig. 4. Equilibrium point of the reaction catalyzed by nucleoside diphospho- 
kinase. A, the reaction mixture contained, in a volume of 0.5 ml., sodium succinate 
buffer, pH 6.0 (2 X 107! m), MgCl. (1 X 10-?m), ATP (4.4 X 10-4m), IDP (5.6 X 10° 
M), and yeast Fraction 1107. Temperature 37°. B, the reaction mixture contained, 
in a volume of 0.5 ml., sodium succinate buffer, pH 6.0 (2 X 10-1 m), MgCl. (1 X 107 
mM), ITP (1 X 10-m), ADP (1.2 X 107? Mo), yeast Fraction 120 y. Temperature 37°, 


the reverse reaction, the phosphorylation of ADP by ITP, reaches a lim- 
iting value when about half the ADP has disappeared (Fig. 4, B). This is 
in agreement with the value which can be calculated from the isotope data 
presented in Table II; that is, since both terminal phosphate groups were 
approximately equally labeled and one is transferred, it would be expected 
that when half of the ATP had been utilized the newly formed nucleoside 
triphosphate would contain approximately 25 per cent of the original radio- 
activity. The reverse situation would likewise be true. In Experiments A 
and B of Table II, and three others carried out, the reaction proceeded 
until between 20 and 30 per cent of the original P**-labeled phosphate had 
been incorporated into the newly formed nucleoside triphosphate. It was, 
therefore, concluded that the equilibrium constant of the reaction is ap- 
proximately 1. From this it follows, as would have been expected, that 
the anhydric linkage of the terminal phosphate group of ITP and UTP is 
thermodynamically equivalent to the corresponding group of ATP. 
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Specificity of Reaction—A study of the specificity of the acceptor was 
carried out. This was done by incubating the radioactive nucleoside tri- 
phosphates and the compounds shown in Table V with the enzyme. Ali- 
quots of the reaction mixture were analyzed by filter paper ionophoresis, 
as previously described. The results in Table V show clearly that there 
was no detectable transfer of P® unless the acceptor was the nucleoside 
diphosphate. Similarly, by using the rabbit muscle enzyme and measuring 
the reaction spectrophotometrically with adenylate kinase and adenylic 
acid deaminase, UMP-5’ and IMP-5’ did not cause formation of ADP from 
ATP. Furthermore, under the conditions described in Fig. 3, inorganic 


TABLE V 
Specificity of Nucleoside Diphosphokinase 


Total activity 


Radioactive substrate Addition 7 Sa 
ATP ITP UTP 
ue c.p.m. c.p.m. c.p.m. 
ATP None 3600 60 0 
' IMP-5’ 3750 60 
- IDP 2830 725 
” UDP 3000 510 
a UMP-5’ 3550 10 
ITP None 35 2250 
” AMP-5’ 60 2400 
= ADP 570 1650 





The reaction mixture contained in a volume of 0.3 ml., Tris buffer, pH 8.0 (1 X 
107 m), MgCl. (2 10-2 m), P**-labeled ATP or ITP (5 X 107? m) (all other addi- 
tions 5 X 10-* m), and 0.25 mg. of glucose-6-phosphate dehydrogenase preparation 
(19). Incubated 60 minutes at 37°. 


pyrophosphate did not promote the formation of ADP from ATP. By 
using the hexokinase and glucose-6-phosphate dehydrogenase system to 
measure the formation of ATP from ADP in the presence of potential phos- 
phate donors (6), inorganic triphosphate was inactive in phosphorylating 
ADP, whereas UTP and ITP in equivalent concentrations produced a 
rapid phosphorylation of glucose. The results, therefore, indicate that 
the reaction is specific for a nucleoside triphosphate as phosphate donor 
and a nucleoside diphosphate as acceptor. We have, therefore, proposed 
the name “nucleoside diphosphokinase”’ for this enzyme. 


Synthesis of UTP 


Work in this laboratory has recently centered around reactions involving 
UTP. It appeared that nucleoside diphosphokinase could be used for the 
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preparation of UTP. ATP and UDP were incubated in the presence of the 
yeast nucleoside diphosphokinase, adenylate kinase, and adenylic acid 
deaminase. The over-all reaction is shown by Reaction 7. The reaction 


(7) ATP + 2UDP — 2UTP + IMP-5’ + NH; 


was followed by spectrophotometry as previously described and by chro. 
matographing aliquots of the reaction mixture, before and after incuba. 
tion, with the neutral ammonium acetate-ethanol solvent of Paladini and 
Leloir (20). Chromatography was carried out for 40 hours, and, after 
drying the strips, the ultraviolet-absorbing areas were eluted with water 








UTP | UDP | To Teo 
ATP IMP-5' 











Fig. 5. Chromatographic analysis of the reaction mixture for UTP synthesis. 
See Table VI for the reaction mixture. The solvent used was composed of 75 volumes 
of 95 per cent ethanol and 30 volumes of 1 mM ammonium acetate, pH 7.5 (20). 


and the concentration was estimated spectrophotometrically. A drawing 
of the chromatogram is shown in Fig. 5. Each component was identified 
by standards which were run in the same solvent and by their absorption 
spectra. Adenine- and uracil-containing nucleotides were distinguished by 
oxidation with bromine-water which destroys the maximum of uracil-con- 
taining compounds at 260 my (12). 

In Table VI are shown the results of the initial and final analyses for 
each component of the incubation. The decrease in absorption at 265 mg 
during the incubation period showed that 11.9 um of adenylic acid had been 
deaminated. This is in agreement with the chromatographic estimate of 
11.4 um of ATP disappearance. When ATP was incubated under identical 
conditions in the absence of UDP, there was no significant decrease at 265 
my nor any detectable disappearance of ATP by chromatographic analysis. 

The UTP was isolated from the deproteinized filtrate by chromatography 
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on large sheets of filter paper for 40 hours in the solvent mentioned above. 
The UTP band was eluted and the yield was found to correspond to 18.6 
ya (theoretical 22.7 um) by using the absorption at 260 my and a molar 
extinction coefficient of 10*. The ratio of uracil to labile phosphate was 
1:19. The UTP was contaminated by traces of ATP and IMP-5’ which 
represented about 5 per cent of the UTP on a molar basis. The IMP-5’ 
was removed by precipitation of the UTP as the barium salt. 


TaBLe VI 
Preparation of UTP 


Amounts recovered 








| 0 time 60 min. 

| uM } uM 
ESS See eee eee 12.9 1.5 
ee i ohn cad hace Semen Meme ce ee 22.7 0* 
eis ecce avattcn not oa ka | 18.3 
RS tees ck dewikddcnncewowge eect aw 


The reaction mixture contained 3.6 ml. of sodium succinate buffer, pH 6.0 (1.1 


, X10"), MgCl; (1 X 10-2 m), ATP (3.7 X 10°? m), UDP (5.8 X 107? om), adenylate 
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kinase 150 y, adenylic acid deaminase 400 y, and yeast Fraction IV 30 y. Incubated 
60 minutes at 22°. 


* There was no UDP which could be detected on the chromatogram from the final 
incubation mixture. 


DISCUSSION 


In the present investigation a new mechanism for the formation of nu- 
cleoside triphosphates has been demonstrated. Although the enzyme 
shows certain similarities with the previously reported adenylate kinase in 
its relative stability at acid pH (13) and in the general type of transphos- 
phorylation carried out, there are definite differences. Adenylate kinase 
catalyzes a transfer of phosphate from ATP to AMP-5’ and between 2 
molecules of ADP (13), whereas nucleoside diphosphokinase is specific for 
a nucleoside triphosphate as donor and a nucleoside diphosphate as ac- 
ceptor. Furthermore, the non-identity of the two enzymes has been 
proved by obtaining yeast nucleoside diphosphokinase free of adenylate 
kinase (6) and the preferential destruction of muscle nucleoside diphos- 
phokinase in the presence of adenylate kinase. 

Alternative mechanisms for the phosphorylation of nucleoside diphos- 
phates have been reported earlier. Kornberg (21) has reported the for- 
mation of UTP by phosphorylation of UDP with phosphopyruvate and 
pyruvate kinase. A similar reaction with IDP has been reported by Klein- 
wller (11). Furthermore, Kleinzeller (11) has presented evidence for a 
slow transfer of phosphate from creatine phosphate to IDP. These and 
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similar observations may, however, be due in part to the presence of ny. 
cleoside diphosphokinase and catalytic amounts of adenosine polyphog 
phates. Utter et al. (5), in studies of the mechanism of CO, fixation inty 
oxalacetate in chicken liver, have observed that the previously reported 
requirement for ATP is due to traces of ITP or IDP present in commercial 
preparations of ATP. ATP freed of inosine polyphosphates by ion ex. 
change chromatography was relatively inert in the absence of added IDP. 
The presence of nucleoside diphosphokinase in their partially purified prep. 
arations was established by demonstrating Reaction 1. In a subsequent 
paper® it will be demonstrated that the presence of ADP and nucleoside 
diphosphokinase makes available ITP for creatine and glucose phosphor. 
ylation through the intermediate formation of ATP. A similar effect o 
the phosphorylation of glucose by UTP has already been reported (6), 

The existence of nucleoside triphosphates other than ATP raises several 
interesting questions. The observed specificity for nucleoside diphos 
phates as precursors of the nucleoside triphosphates suggests the poss- 
bility that the diphosphates of other naturally occurring purines and 
pyrimidines exist. If so, the problem of their synthesis is of considerable 
interest. The only known examples of forming a nucleoside diphosphate 
is the formation of ADP and 2-amino ADP (13, 22). This occurs via the 
action of adenylate kinase from AMP-5’ and ATP, or the corresponding 
2-amino derivatives. This mechanism is, however, specific for the ade. 
nosine-containing nucleotides and its 2-amino derivative. Furthermore, 
although in crude systems AMP-5’ serves as a phosphate acceptor in sey- 
eral reactions (23, 24), subsequent purification of the enzymes involved has 
demonstrated that ADP is the specific phosphate acceptor. The demon- 
stration of a direct phosphorylation of AMP-5’ by phosphorylated com- 
pounds other than ATP is still unknown. An indirect pathway for forming 
IDP has been suggested by the recent report concerning the deamination of 
ADP (25). 

The question also arises as to the significance of nucleoside triphosphates 
in intermediary metabolism. Recently, Munch-Petersen et al. (26) have 
demonstrated that UTP can serve as a precursor of uridine diphosphoglu- 
cose, the coenzyme of the glucose-galactose interconversion. The report 


by Trucco (27) of the synthesis of UDPG from ATP, UDP, and glucose-l- 
phosphate can probably be accounted for by the combined action of nu- 
cleoside diphosphokinase and UDPG pyrophosphorylase (26) by the fol- 


lowing reactions: 
(8) ATP + UDP = UTP + ADP 
(9) UTP + glucose-l-phosphate = UDPG + P-P 





5 Joklik, W. K., and Berg, P., to be published. 
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There are also indications that UTP might be involved in the formation of 
other uridine-5’-pyrophosphate compounds. It has been shown (28) that 
UDPAG (29) is cleaved in the presence of pyrophosphate, yielding UTP, 
and presumably the reverse reaction occurs. The function of UDPAG is, 
however, unknown, although somewhat related uridine-5’-pyrophosphate 
compounds have been shown to exist in Staphylococcus aureus cells and to 
increase markedly upon the addition of penicillin (30). Furthermore, 
Strominger (31) has recently found that in penicillin-treated organisms, 
uracil-C“ accumulated in uridine-5’-pyrophosphate compounds at the ex- 
pense of its incorporation into nucleic acids. 

In discussing possible mechanisms of nucleic acid synthesis, Kalckar (32) 
has suggested that nucleoside triphosphates might be involved in forming 
the phosphate diester linkage of nucleic acid. This was visualized as oc- 
curring by an interaction of the terminal unit of a polynucleotide structure 
with a free nucleoside polyphosphate, resulting in the elimination of one or 
two of the phosphate groups forming a typical polynucleotide diester link- 
age. The synthesis of nucleoside triphosphates at the expense of ATP 
might, therefore, provide the “building blocks” for such a mechanism. 
The recent report of the isolation of guanosine triphosphate (4) is of interest 
in this regard. Furthermore, it has been demonstrated that 2 ,6-diamino- 
purine riboside, which has been shown to be a precursor of polynucleotide 
adenine and guanine (33) in Lactobacillus casei, can be converted to the 
corresponding triphosphate (22). 


We are most grateful to Dr. H. M. Kalckar for extending to us the hos- 
pitality of his laboratory, for his valuable criticisms and suggestions, and 
for many stimulating discussions. 


SUMMARY 


An enzyme has been partially purified from autolysates of brewers’ 
yeast and extracts of rabbit muscle which catalyzes the following reaction: 
ATP + IDP @ ADP + ITP. The same system also converts UDP to 
UTP in the presence of ATP according to the following reaction: ATP + 
UDP = ADP + UTP. 
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EFFECT OF ETHIONINE ON THE FREE AMINO ACIDS 
IN THE RAT* 


By CHUNG WU anp JESSE L. BOLLMAN 


(From the Section of Biochemistry, Mayo Clinic and Mayo Foundation,t Rochester, 
Minnesota) 


(Received for publication, April 12, 1954) 


It has been reported that ethionine, when injected intraperitoneally, 
causes inhibition of protein synthesis (2). Its incorporation into body 
proteins (3) in the rat has also been shown. Infiltration of the liver with 
fat (4, 5), pancreatitis (6, 7), and renal necrosis (8) have also been observed 
as a result of the injection of ethionine. A close relationship between these 
histochemical changes and interference with protein metabolism by ethi- 
onine has been suggested (9, 10). Hence it was decided to determine how 
ethionine affects the metabolism of free amino acids, since the latter de- 
pends upon the state of protein synthesis or degradation in the body (11). 
The effect of ethionine on the concentrations of free amino acids in plasma 
and tissues and their excretion in the urine is reported in this study. 


EXPERIMENTAL 


Albino rats of the Sprague-Dawley strain weighing 130 to 160 gm. were 
maintained on Archer chow pellets. All animals were fasted for 18 hours 
before the start of the experiments and thereafter. Water was available 
at all times. The rats were anesthetized at the beginning of fasting to 
allow insertion of plastic tubing through the abdominal wall into the uri- 
nary bladder and ligation of the urethra. They were then confined to 
individual cages according to their sizes, which prevented them from dis- 
lodging the tubing. The urine was allowed to drain out through the tub- 
ing as soon as it reached the bladder. Such catheterization of the urinary 
bladder permits the accurate collection of urine samples at any desired 
intervals. 

At the end of the 18 hour fast, the rats were injected intraperitoneally 
with 6 ml. of the amino acid solutions in a single dose (Table I). To the 
controls 6 ml. of sodium bicarbonate solution at pH 7.4 were similarly 
given. Except in one experiment, in which the excretion of urinary a- 


* A preliminary report of this work was presented at the Forty-fifth annual meet- 
ing of the American Society of Biological Chemists at Atlantic City, New Jersey, 
April 12 to 16, 1954 (1). 

t The Mayo Foundation is a part of the Graduate School of the University of 
Minnesota. 
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amino nitrogen at intervals following the injection of pi-ethionine into five 
female rats was being studied, animals of all experiments were killed with 
ether 6 hours after the respective solutions were injected. Blood samples 
were drawn by cardiac puncture. The liver and kidneys were immediately 
excised, frozen in dry ice, and pulverized. Urine samples collected during 
the experimental periods were frozen at — 10°. 

The preparation of plasma and tissue extracts and urine dialysates and 
the determination of free amino acids in these extracts and dialysates by 
paper chromatography have been described previously (11). Total @ 
amino nitrogen was determined by the copper method (12). Ethionine 
a-amino nitrogen was calculated from ethionine determined by paper chro- 
matography. 


TABLE I 


Animals Used and Amino Acids Injected 








No. of rats Sex Amino acid solution injected* coun ae eg 
4 M. None 
5 ¥. “5 
3 M. pL-Ethioninef 1.72 
12 r. % 1,72 
5 M. pL-Methioninet 1.72 
4 F. * + pi-ethionine 1.72 each 


* All amino acid solutions were adjusted to pH 7.4 with sodium bicarbonate. 
+ Nutritional Biochemicals Corporation. 
t General Biochemicals, Incorporated. 





Results 


The effect of intraperitoneally administered ethionine on the rate of uri- 
nary excretion of a-amino nitrogen of female rats is shown in Fig. 1. The 
values of a-amino nitrogen in the urine samples, obtained between two 
successive collections divided by the number of hours elapsed, were used. 
Both total and ethionine a-amino nitrogen reached their peaks 4 hours 
after the injection, but the highest excretion of non-ethionine a-amino 
nitrogen took place 2 hours later. At the end of 24 hours following the 
injection, a little more than one-third of the ethionine administered had 
appeared in the urine (Fig. 2). 

The data concerning the changes in individual free amino acids in plasma, 
liver, and kidneys induced by administration of ethionine are shown in 
Tables II, III, and IV, respectively. Values in Tables III and IV were 
calculated on a wet weight basis. There was no significant difference in 
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the values between male and female rats serving as the controls or receiving 
ethionine. Hence the values given in these two instances were the aver- 
ages of both sexes. 
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Fig. 1. The urinary excretion of a-amino nitrogen following intraperitoneal in- 
jection of 10.32 mg. of a-amino nitrogen of pi-ethionine into female rats. Non- 
ethionine a-amino nitrogen (long dash curve) was calculated by obtaining the differ- 
ence between total (solid curve) and ethionine (short dash curve) a-amino nitrogen. 
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Fig. 2. Per cent of dose excreted in the urine of female rats following intraperi- 
toneal injection of 10.32 mg. of a-amino nitrogen of px-ethionine. 
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The injection of methionine caused little change in the concentrations of 
free amino acids. The concentrations of alanine and cystine generally 
appeared to increase, while those of glycine and serine were decreased jn 


TABLE II 


Effect of Ethionine on Concentration (Mg. per 100 M1.) of Free Amino Acids and 
Related Compounds in Rat Plasma 


* 
} Amino acid injected 


Compound ————— . - = 
None Methionine Ethionine 

Alanine Boreas ety ete Sor 2.2 + 0.2* 4.0 + 0.4* 4.7 + 0.5* 
ND. os $07.15, ici giv-a eimaraaesiacs 0.77 + 0.12 1.6 + 0.1 2.0 + 0.1 
MI ook Kicks cdalurw dearer 67.9 + 6.7 
Glutamic acid............ 0.82 + 0.04 12+ 0.1 1.2+ 0.1 
CIMEOMINO.. . 0... cece ee ....| 10.4 + 0.4 9.6 + 0.9 19.1 + 2.2 
Glycine pe ee ace Sas 2.7 +0.1 2.4 + 0.3 3.3 + 0.2 
Methionine. . ee ee a 14 +0.1 42.2 + 3.3 1.4 + 0.2 
Serine... eee ere Oe ae 2.6 + 0.2 3.0 + 0.3 
WOMMMO.. ccs: rane 6.2 + 0.7 8.8 + 1.4 4.5 + 0.6 


* The standard error of the mean. 


TaBLeE III 


Effect of Ethionine on Concentration (Mg. per 100 Gm.) of Free Amino Acids and 
Related Compounds in Rat Liver 


Amino acid injected 








Compound Pa a — - assisted 
None Methionine Ethionine 

EE EE 13.4 + 1.3* 19.3 + 1.2* 17.7 + 0.9* 
Cystine ae aor es ai 1.7 + 0.3 4.7 + 0.3 O+ 0.5 
Ethionine. . it lee eee ee 121 + 10.4 
Glutamic acid. . 25.8 + 1.0 25.4 + 2.0 43.0 + 2.5 
Glutamine By 66.8 + 3.6 68.7 + 4.9 73.9 + 5.5 
Glycine... a. ae 21.44 1.3 11.5 + 1.2 23.6 + 1.9 
Methionine......... ne ea 1.9 + 0.2 39.8 + 5.3 44+ 0.9 
es Ss Na a 7.1 + 0.7 4.5 + 0.7 6.324 0.9 
Taurine. . ee een ee ee 148 + 2.7 38.0 + 1.1 





| 
| 


* The standard error of the mean. 


the liver. These changes could be due to the conversion of methionine to 
some amino acids on the one hand, and to the prevention of the capture of 
some other amino acids by the cells as a result of a high level of methionine 
on the other hand (13). 

The injection of ethionine resulted in an increase in nearly all the amino 
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acids determined, and in many cases the increase was greater than when 
methionine was injected. The largest change was observed in the plasma, 


TaBLe IV 


Effect of Ethionine on Concentration (Mg. per 100 Gm.) of Free Amino Acids and 
Related Compounds in Rat Kidneys 





Amino acid injected 














Compound - ——— 
None Methionine Ethionine 
i a oro n'a brake in dealdiosank os | 8.7 + 0.4* 12.34 1.4* 9.8 + 1.1* 
I oitissice = iu ake oiaen eiw'eleiaena 15.2 + 1.9 154+ 0.8 22.3 + 1.6 
eaten kis Saag 81.6 + 3.2 
ET ee 73.0 + 3.5 69.7 + 6.2 81.2 + 1.4 
SES ob Fold xo dia chala oa 11.5 + 0.9 8.9+ 0.7 12.5 + 1.2 
NS snc dix re Dhoats ‘stn old ein re 31.3 + 2.2 36.44 2.2 36.4 + 3.9 
NN Gi eri hei veer dawen 5a | 2.3 + 0.2 544.04 7.5 2.1 + 0.2 
I es achagiias tig wraade ae jase ciate 7.7 + 0.4 11.9+ 2.0 11.4+ 1.3 
RR Oe es eres 73.1 + 5.1 144 +106 | 44.441.9 
* The standard error of the mean. 
TABLE V 


Effect of Ethionine on Concentration of Free Amino Acids and Related Compounds in 
Rat Urine* 





Amino acid injected 





Compound | 








. | —_ manenee Methionine 
None | Methionine + pe 
| Male Female 

ES ea ee ee ae 0.03 0.06 0.06 | 0.17 0.14 
ie Oia cca aid cbewie wai 0.04 0.14 | 0.15 | 0.31 0.33 
Ethionine............ 3.37 22.53 14.97 
Glutamic acid........ 0.05 0.05 0.08 1.13 0.19 
RES ee ara ae . 0.08 0.18 0.30 0.93 0.16 
yee. .......... btias E ol 0.10 0.16 0.17 2.78 0.93 
Methionine......... | SOA 1.33 <0.04 <0.04 9.33 
ae ; a. 0.06 0.09 0.11 0.75 0.31 
eee ' : 0.89 5.92 3.96 4.85 2.73 





* All the values are expressed as mg. excreted in the first 6 hours following the 
injection. 


in which the concentrations of all amino acids except methionine were 
significantly increased. On the other hand, the least change was found in 
the kidneys, in which the concentrations of most amino acids, except cys- 
tine and serine, remained unchanged. Only cystine showed appreciable 
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increase in all tissues. The content of methionine was increased only in 
the liver. 

The marked increase in the urinary excretion of free amino acids follow- 
ing the injection of ethionine is shown in Table V and Fig. 3. The excre. 
tion of methionine in the control and ethionine-injected rats was so low 
that no accurate determination could be made, and in these instances only 
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Fig. 3. Chromatograms of free amino acids in the urine of control (a) and ethio- 
nine-injected (b) female rats. Aliquots corresponding to 1.25 and 0.20 per cent 
volume of the 24 hour urine samples of (a) and (6), respectively, were applied on 
sheets at Point X. For chromatographic procedure, see the text. 1, phenylalanine; 
2, leucine-isoleucine; 3, valine; 4, proline; 5, arginine-lysine; 7, tyrosine; 8, alanine; 
9, threonine; 10, glutamine; //, taurine; 12, glycine; 13, serine; 14, glutamic acid; 16, 
aspartic acid; /8, histidine; 19, glutathione; 27, cysteic acid (from cystine) ; 32, ethio- 
nine sulfoxide (from ethionine). 


the upper limit of methionine was indicated. Contrary to the situation in 
the plasma or tissues, in which no difference in response to ethionine be- 
tween the sexes could be demonstrated, the excretion of free amino acids, 
including ethionine itself, was many times greater in female rats than in 
male rats after injection of ethionine. This finding is in parallel with that 
of infiltration of the liver with fat in female rats (5). Furthermore, si- 
multaneous injection of methionine on an approximately equimolar basis 
greatly reduced the effect of ethionine. With greater ratio of methionine 
to ethionine, the increased urinary excretion of free amino acids induced 
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by ethionine may be completely prevented. It should be pointed out that 
urinary excretion of methionine was much less when methionine was in- 
jected alone than when it was injected together with ethionine. This fact 
may be taken to mean that ethionine impairs the utilization of methionine 
by the body and consequently causes a greater excretion of the latter. In- 
hibition of the incorporation of methionine into tissue proteins by ethionine 
has already been noted (2). 


Comment 


The data on the urinary excretion of ethionine observed in this study are 
in good agreement with those of Shen and Lewis (14) and of Levine and 
Tarver (3), if account is taken of a difference in the species of animals used 
by the former and of a tremendous difference in dosage by the latter. The 
increase in the urinary excretion of non-ethionine a-amino nitrogen follow- 
ing administration of ethionine may explain the observation by Hoover 
and associates (15), who reported that rats receiving an ethionine diet ex- 
ereted large quantities of non-urea nitrogen. 

Inasmuch as no conversion from ethionine to other amino acids can be 
anticipated, the increase in the concentration of free amino acids in plasma, 
tissues, and urine following administration of ethionine can result only 
from an acceleration of protein catabolism or an inhibition of protein syn- 
thesis, or both. However, the data obtained in this study with fasted 
rats in which the rate of protein synthesis has been kept at a minimum 
suggest that an accelerated breakdown of tissue proteins is chiefly respon- 
sible for the immense increase in the urinary output of free amino acids. 

Since ethionine has been shown to cause renal necrosis in both male and 
female rats (8), the possibility that impairment of tubular reabsorption may 
increase the concentration of free amino acids in the urine cannot be ex- 
cluded. . However, histologic changes in the kidneys do not appear to be 
the primary factor, because, if they were the primary factor, no difference 
in response to ethionine in the urinary pattern of free amino acids between 
the sexes should be expected. The fact that such a difference does exist 
may, nevertheless, be explained on the basis of a difference of sex hormones. 
Androgens are known to have a nitrogen-sparing action (16). The lower 
urinary excretion of free amino acids by male rats could be due to the coun- 
teraction of androgens to minimize the rate of protein breakdown induced 
by ethionine. 

The diminution of the effect of ethionine by methionine is another il- 
lustration of the specific antagonism between these two amino acids. How- 
ever, the effect on increasing the urinary output of free amino acids is not 
limited to ethionine alone, since, on injection of 6-2-thienyl-pt-alanine, 
which has been shown to be an antimetabolite of phenylalanine in the rat 
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(17, 18), similar effects were observed.! An increase in the excretion of 
other amino acids, following the injection of y-aminobutyric and a-amino. 
isobutyric acids to the rat, has also been reported (19). 

It is shown in this study that the urinary excretion of taurine was con. 
siderably increased by the injection of either methionine or ethionine. 
Whether ethionine could contribute any of its sulfur in the synthesis of 
taurine is unknown. Until this could be demonstrated, the increase in the 
urinary output of taurine following administration of ethionine could best 
be explained on the basis of the conversion from cystine (or cysteine), of 
which the formation was increased as a result of the accelerated protein 
catabolism. An increase in the formation and excretion of taurine in rats 
during a fast has been reported (11). 


SUMMARY 


Intraperitoneal injection of pi-ethionine resulted in an increase in the 
concentrations of free amino acids in plasma and tissues of both male and 
female rats. In the urine, the increase was very marked in female rats 
but less so in male rats. The effect of ethionine was diminished by the 
simultaneous injection of pL-methionine. Some of the implications of these 
findings are discussed. 
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ANTIOXIDANT STUDIES CONCERNED WITH THE 
METABOLISM OF CAROTENE AND 
VITAMIN A* 
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H. TAYLOR, anp SHERMAN 8S. WILSON 


(From the Laboratory of Biochemical Research, Prairie View Agricultural and 
Mechanical College, Prairie View, Texas, and the Department of 
Biochemistry, Meharry Medical College, Nashville, Tennessee) 
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Previous studies have indicated that a striking parallelism exists between 
the effects of relatively small and large amounts of both vitamin E and 
octylhydroquinone on the utilization of carotene (1). Almost simulta- 
neous with this report, Swick and Baumann presented data (2) that suggest 
that relatively large amounts of diamylhydroquinone interfere with the 
utilization of carotene in a manner similar to the tocopherols. When this 
latter report appeared in the literature, there was in progress an extension 
of these investigations concerned with the effects of some hydroquinone 
derivatives on (a) the utilization of both carotene and preformed vitamin 
A, (b) the fecal excretion of carotene, and (c) the oxidative protection of 
carotene in vitro. It is the purpose of this communication to report the 
observations made in this further study. 


Materials and Methods 


Weanling albino rats were made vitamin A-deficient as previously in- 
dicated (3). The deficiency was determined both by the plateau in the 
weight curve and by the analysis of the liver and kidneys of representative 
rats, 

Carotene (90 per cent 8- plus 10 per cent a-carotene),! 2 ,5-ditertiary 
butylhydroquinone (DTBH),’? octylhydroquinone (1,1,3,3-tetramethyl- 
butylhydroquinone) (OH),? and monotertiary butylhydroquinone (MTBH)? 
were dissolved separately in a small amount of peroxide-free ether and 
mixed with a quantity of cottonseed (Wesson) oil or olive oil to give the 
desired concentration in 8 standardized drops of the oil. The ether was 


* Supported in part by a research grant from the National Institutes of Health, 
United States Public Health Service. Presented at the Forty-fifth annual meeting 
of the American Society of Biological Chemists, Atlantic City, April, 1954. 

t Present address, Department of Biochemistry, Meharry Medical College, Nash- 
ville 8, Tennessee. 

‘Obtained from General Biochemicals, Inc., Chagrin Falls, Ohio. 

Kindly supplied by the Tennessee Eastman Corporation, Kingsport, Tennessee. 
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removed under reduced pressure. Vitamin A,* ditertiary butyl-4-hydroyy. 
anisole (TBA),? and a-tocophery] acetate* were added directly to a requisite 
amount of the oil. These supplements were kept separate and were stored 
at 4° until they were administered. The carotene and vitamin A supple. 
ments were stored under nitrogen in low actinic flasks at 4°. The rats wer 
housed in air-conditioned quarters maintained at 25° + 2°. 

The methods of supplementation and of analysis of tissues for vitamin 4 
were the same as those previously reported (3). 

In order to determine the effects of the antioxidants on the oxidative 
protection of carotene, OH, DTBH, and TBA were studied in experiments 
in vitro in the same manner as previously described (1). Rancid olive gil 
was used as solvent to accelerate the oxidative destruction of carotene, 
The concentrations of both the antioxidant and carotene were the same as 
those used in the feeding experiments. 


Results 


Effects of Some Antioxidants on Carotene Utilization—Vitamin A-def- 
cient albino rats were separated into groups of equal sex and growth rates 
and were supplemented daily for 25 days with either 33 y of carotene alone 
in cottonseed oil or 33 y of carotene plus 10 mg. of the antioxidant in the 
oil. The same volume of solution was administered to each animal through- 
out the experiment. The results are summarized in Table I. 

Large amounts (10 mg. per day) of DTBH, OH, and TBA significantly 
decreased hepatic vitamin A deposition from carotene-fed rats, OH appear- 
ing to be the most effective. These observations confirm the previous 
report relative to the effects of large amounts of octylhydroquir one on 
carotene utilization by the rat (1). 

Effects of Some Antioxidants on Vitamin A Utilization—Because large 
amounts of both monotertiary butylhydroquinone and of octylhydroqui- 
none interfered with carotene utilization for vitamin A storage (1), it was 
of interest to investigate the effects of these substances as well as of o- 
tocopheryl acetate on the utilization of preformed vitamin A. Young 
vitamin A-deficient albino rats were separated into groups as previously 
stated and they were supplemented daily for 20 days with 13 y of vitamin 
A plus 10 mg. of the test antioxidant in cottonseed oil. The control rats 
received the vitamin A alone as supplement. 

Large amounts (10 mg. per day) of a-tocopheryl acetate, monotertiary 
butylhydroquinone, and octylhydroquinone did not affect the utilization 


3A natural vitamin A ester concentrate with a potency of 200,000 U. S. P. XIV 
units per gm. Kindly supplied by the Distillation Products Industries, Rochester, 
New York, through the courtesy of Dr. Norris Embree. 

4 Kindly supplied by Merck and Company, Inc. 
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of preformed vitamin A (Table IT). The observations suggest that these 
substances affect carotene prior to its conversion to vitamin A. 

Effects of Some Antioxidants on Fecal Excretion of Carotene—In order to 
determine the effects of the antioxidants on the absorption of carotene in 
the alimentary tract, young rats with an initial low vitamin A reserve were 
fed daily supplements of either 33 y of carotene alone dissolved in cotton- 


TABLE | 
Effects of Some Antioxidants on Utilization of Carotene 

















ee Vitamin A deposited 
Daily supplement* (1 male - - — —-—— 
each) Liver Kidney 
ze a ‘. | Y ¥ 
33 y carotene...... Tie Races ae 6 | 78.0 + 12.0f | 16.0 + 2.5f 
33 « ™ + 10mg. DTBH if 4 450+ 5.3 14.5 + 2.8 
33.“ _ +10 ‘* OH ; 5 32.2 + 2.0 19.2 + 1.4 
33 “ +10 ‘* TBA 6 |39.14 3.8 13.0 + 3.5 
* The supplements were administered in cottonseed (Wesson) oil for 25 days. 
+ Standard error of the mean. 
TaBLeE II 
Effects of Some Antioxidants and Vitamin E on Utilization of Vitamin A 
Vitamin A deposited 
Daily supplement* No. and sex of rats —__—— —— - 
Liver |Kidney | Total 
a ; | | y | 7 
3y vitamin A. . oe 6 (2M.,4F.) | 34.3 | 13.2 | 47.5 + 1.0 
pelle ** 4+ 10 mg. a-tocophery] 
acetate ogee s Sa * @*) 33.0 | 14.0 | 47.0 + 1.2 
13 y vitamin A + 10 mg. MTBH af * &° 3 34.1 | 12.0 | 46.1 + 1.6 
— = “4:35 “ Of | a> 4") 33.4 | 13.0 | 46.4 + 1.6 


* The supplements were administered in cottonseed (Wesson) oil for 20 days. 


seed oil or the carotene plus 10 mg. of the antioxidant dissolved in the oil. 
Feces were collected every 24 hours and were pooled for a 48 hour analysis. 
Over a period of 4 days no significant differences were observed in the fecal 
excretion of carotene among groups (Table III). The observations suggest 
that the effects of these antioxidants are not concerned with the absorp- 
tion of carotene in the alimentary tract. On the other hand, when caro- 
tene was fed in rancid olive oil, its fecal excretion was increased in the 
presence of the antioxidants. The data (Table III, Series 2) represent the 
average values obtained for carotene excretion over a period of 10 days. 








684 ANTIOXIDANTS CAROTENE AND VITAMIN A 


Effects of Some Antioxidants on Oxidative Decomposition of Carotene}, 
test the possibility that the antioxidants in large amounts might exert, 
prooxidant effect on carotene, their effect on the oxidative decompositio, 
of carotene was determined. Test-tubes containing either carotene in gj 
or carotene plus the antioxidant in oil were submerged in water of a cop. 
stant temperature bath maintained at 60°. Oxygen was bubbled into egg) 


TABLE III 


Effects of Some Antioxidants on Fecal Excretion of Carotene 


Per cent carotene excreted 
No. and sex of rats a 


Daily supplement* 











Series 1 Series 2 
ere 4 (M.) 47.6 
33 * + 10 mg. DTBH... | 3(2M.,1F.) 46.8 j 
33 “‘ - +16 “ TBA... ..| 4 (M.) 52.4 50.0 
* The supplements were administered in cottonseed (Wesson) oil in Series 1 ani 


rancid olive oil in Series 2. 


TABLE IV 


Effects of Some Antioxidants on Oxidative Decomposition of Carotene at 60° 











Per cent of original carotene present after 
Series | —" , (0 hr. = 100) 
“he | Content of tubes per ml. in olive oil 








12 hrs. 24 hrs. 

1 75 y carotene 32.7 5.8 | 3.8 

| 75 * _ + 25 mg. OH 100 100 =| 100 
ee |... 99 99 35.1 14.0 

|75* * +25 “ DTBH 100 100 100 100 
i=" @ 21.6 11.8 

|76% 6 +25 “ TBA 100 100 
4 |75° “* 4295 “ OH 93.3 80 

| DTBH 81.8 72.7 


76 * “ec 


+25 ‘“ 
tube at the same rate, and at various times, ranging from 0 to 24 hours, ali- 
quots from each tube were removed and analyzed spectrophotometrically 
for carotene present. The concentrations of both carotene and the anti- 
oxidants were the same as those employed in the feeding experiments, and, 
to hasten the oxidative decomposition of the provitamin, rancid olive ail 
was employed as solvent. 

In all cases (Table IV) the antioxidants markedly protected carotene 
against oxidative decomposition. In other words, no prooxidant effect 
was observed in the concentrations studied, even with rancid olive oil as 
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slvent. In Series 4, Table IV, OH appeared to protect carotene to a 
dightly greater degree than did DTBH. 


DISCUSSION 


The fact that these fat-soluble antioxidants and vitamin E in large 
amounts decreased vitamin A deposition from ingested carotene without 
affecting the utilization of preformed vitamin A suggests that their mode 
of action is implicated primarily in the metabolism of carotene. This 
eflect may involve (a) an interference in the absorption of the provitamin, 
(b) an acceleration of the destruction of the provitamin, and (c) an inter- 
ference with the enzymatic conversion of carotene to vitamin A. The 
data on the fecal excretion of carotene do not indicate that the effects of 
these substances are concerned with a decrease in the absorption of caro- 
tene in the alimentary tract. Similar results have been reported with a- 
tocopherol (4). On the other hand, when carotene was administered under 
easily oxidizable conditions, the antioxidants protected it, apparently from 
random oxidation in the alimentary tract. This is not surprising in light 
of the relationship established among vitamin E, carotene, and vitamin A 
(5-7). However, it does not seem likely that the increase in fecal excre- 
tion of carotene under these circumstances is due to an interference with 
the absorption of the provitamin in the alimentary tract, for no such in- 
crease in the fecal excretion of carotene was observed when carotene was 
administered under conditions in which it was less prone to oxidation. In 
this connection, it is emphasized that the results obtained in experiments 
concerned with the fecal excretion of carotene depend to a great extent on 
the conditions of administering the provitamin. 

The possibility was considered that the antioxidants might decrease the 
absorption and accelerate the decomposition of the provitamin in the ali- 
mentary tract in such a manner that these two opposing effects may counter- 
balance one another. This does not seem to be the case, for the anti- 
oxidants markedly protected carotene from oxidative decompsition in vitro. 
The same relationship appears to exist in vivo when carotene is adminis- 
tered under conditions favorable to its oxidation. The possibility that 
some of these antioxidants exert a prooxidant effect on carotene has been 
diseussed previously (1). The present study affords further evidence that 
the mode of action of relatively large amounts of these substances on the 
metabolism of carotene cannot be explained on the basis of the prooxidant 
efiect which has been observed in the stabilization of test fats when the 
concentrations of antioxidants are large (8, 9). 

These experiments support the view that the locus of action of the anti- 
oxidants as well as of vitamin E in large amounts is in the intestinal wall 
or at the site of the conversion of carotene to vitamin A and that the mode of 
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action is concerned either directly or indirectly with a suppression of th 
oxidative processes involved in the enzymatic conversion of carotene ty 
vitamin A. 


SUMMARY 


Vitamin A-deficient albino rats were supplemented daily for 21 to 3 
days with the antioxidant plus either a moderate amount of carotene or of 
vitamin A in cottonseed oil. Control rats received either the carotene o 
vitamin A alone in oil. 

Large amounts (10 mg. per day) of 2,5-ditertiary butylhydroquinone 
octylhydroquinone, and ditertiary butyl-4-hydroxyanisole decreased vitg. 
min A deposition from carotene-fed rats. However, large amounts (10 mg 
per day) of a-tocopheryl acetate, monotertiary butylhydroquinone, and 
octylhydroquinone were without effect on the utilization of preformed vite. 
min A and did not interfere with the absorption of carotene in the alimen- 
tary tract. On the other hand, they protected carotene markedly against 
oxidative decomposition in vitro. This study affords further evidence that 
the mode of action of both vitamin E and these antioxidants is concerned 
with their antioxidant activity and that in large amounts they may sup- 
press the oxidative processes which are probably involved in the enzymatic 
conversion of carotene to vitamin A. 
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THE BIOTIN-LIKE ACTIVITY OF LACTOBACILLIC ACID AND 
RELATED COMPOUNDS* 
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(From the Biochemistry Department, University of Pittsburgh, School of 
Medicine, Pittsburgh, Pennsylvania) 


(Received for publication, May 3, 1954) 


Long chain fatty acids embodying within their molecule the cyclopropane 
ring seem to be more widely distributed in nature than has been hitherto 
suspected. Lactobacillic acid (I), the first representative of this class of 
fatty acids, was discovered in 1950 by Hofmann and Lucas (1, 2) as a major 
constituent of the lipides of Lactobacillus arabinosus, and later was isolated 
from the lipides of Lactobacillus casei (3). Phytomonic acid, a branched 
chain fatty acid component of the lipides of Agrobacterium (Phytomonas) 
tumefaciens (4), is identical with lactobacillic acid (5). Sterculic acid, a 
major constituent of the seed fat of the tropical tree Sterculia foetida (6), 
is a cyclopropene fatty acid forming cis-dl-9 ,10-methyleneoctadecanoic 
acid (dihydrosterculic acid) (II) when subjected to selective catalytic hy- 
drogenation (6, 7). This latter acid is isomeric, but not identical, with 
lactobacillie acid. 

Recently (7) we have synthesized trans-dl-9 , 10-methyleneoctadecanoic 
acid (III) and trans-dl-11,12-methyleneoctadecanoic acid (IV), and have 
shown that the infra-red absorption spectra of these synthetic acids are 
practically identical with those of lactobacillic and dihydrosterculic acids; 
all the spectra exhibit the typical cyclopropane band at 9.8 u. These find- 
ingsestablish beyond reasonable doubt the cyclopropane structure for lacto- 
bacillic acid and dihydrosterculic acid. The exact location of the cyclopro- 
pane ring in lactobacillic acid and its detailed stereochemical configuration 
remain to be established.! 

As the initial step in attempts to elucidate the metabolic réle of lacto- 
bacillie acid (I) in microbial metabolism, we have undertaken the present 
inquiry into the ability of this and related cyclopropane fatty acids (II to 
VI) to substitute for biotin or to replace unsaturated fatty acids in the 
nutrition of a number of microorganisms. 


* Supported by grants from the American Cancer Society, recommended by the 
Committee on Growth of the National Research Council, the Rockefeller Foundation 
in New York, and Ciba Pharmaceutical Products, Inc., Summit, New Jersey. 

1 The x-ray data (7) and the microbiological findings presented in this paper point 
to one of the stereoisomers of cis-11,12-methyleneoctadecanoic acid as a likely struc- 
ture for lactobacillic acid. 
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H H 


H;C—(CH:); C (CH:),—COOH 





Cc 
H H 
cis 


(I) Lactobacillic acid 
(II) cis-dl-9,10-Methyleneoctadecanoic acid (dihydrosterculic acid) (x and y = 7) 





H H 
H;C—(CH.)), C 
0 
Cc C. 
H ‘(CH.),—COOH 
trans 


(III) trans-dl-9,10-Methyleneoctadecanoic acid (x and y = 7) 
(IV) trans-dl-11,12-Methyleneoctadecanoiec acid (z = 5; y = 9) 
(V) trans-dl-2,3-Methylenenonanoie acid (x = 5; y = 0) 
(VI) trans-dl-2,3-Methyleneundecanoie acid (x = 7; y = 0) 


EXPERIMENTAL 
Preparation of Compounds 

The cyclopropane fatty acids of the trans series were prepared according 
to our previously described methods (7). Lactobacillic acid from L. ara 
binosus (2) and L. casei (3) was employed. Dihydrosterculic acid was iso- 
lated from a sample of hydrogenated oil from Sterculia kernel (7) kindly 
supplied by Dr. J. R. Nunn.? Weighed amounts of the various fatty acids 
were dissolved in 70 per cent redistilled ethanol and suitable aliquots added 
to the assay tubes prior to autoclaving. The alcohol content of the solu- 
tion in the tubes never exceeded 3.5 per cent by volume. 


Microbiological Procedure 


Growth Studies—The growth-promoting activity of the various fatty 
acids was determined essentially as previously described (8). The medium 
of Wright and Skeggs (9) served as the basis for the L. arabinosus 8014! 
and L. casei 7469 assays. With the latter organism, the vitamin supple- 
ments described by Broquist and Snell (10) were substituted for those em- 


* We wish to express our thanks to Dr. J. R. Nunn for supplying us with the oil 
of the Sterculia kernel. 


* For this organism, L-asparagine (20 mg. per 100 ml. of double strength medium) 
was added. 
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ployed by Wright and Skeggs, and L-asparagine (200 mg. per 100 ml.) and 
glycine (20 mg. per 100 ml.) of double strength medium were added. The 
xanthine was omitted. Growth was determined by acidimetric titration 
with a Beckman line-operated pH meter after 72 hours of incubation. 
Attempts to use the medium of Broquist and Snell (10) for the Clostridium 
butyricum 6015 assays led to erratic results. Excellent assays were realized 
when this medium was supplemented with a vitamin-free casein hydroly- 
satet (10 ml. per 100 ml. of double strength medium) and sodium thiogly- 
colate (0.1 gm. per 100 ml. of double strength medium). The reduced iron 
was omitted and anaerobic conditions were maintained by the use of oat 
jars. Growth was determined turbidimetrically with a Fisher electropho- 
tometer equipped with a 650 my type A filter after 72 hours of incubation. 
The uninoculated controls were set at 100 per cent transmission. The 
medium of Craig and Snell (11) served for the Lactobacillus delbrueckii 
9649° and Lactobacillus acidophilus 4355 assays; the enzymatic casein di- 
gest was omitted from the medium. Growth of these organisms was de- 
termined turbidimetrically after an incubation time of 20 hours for L. 
delbrueckii and 48 hours for L. acidophilus. The biotin-like activity for 
L. arabinosus, L. casei, L. delbrueckii, and C. butyricum was calculated from 
a standard biotin curve, simultaneously determined and expressed in milli- 
micrograms of biotin per mg. of fatty acid. With L. acidophilus, a growth 
curve with synthetic cis-vaccenic acid served as the reference standard, 
and the activity of this fatty acid was arbitrarily chosen as unity. The in- 
cubation temperature for all the determinations was 33-35°. All media 
were adjusted to pH 6.7 to 6.8 before autoclaving. 

Inhibition Studies—The ability of the fatty acids (V and VI) to inhibit 
the growth of a number of organisms was determined in essentially the man- 
ner previously described (12). The basal medium was supplemented with 
enough biotin to induce approximately half maximal growth (0.1 myugm. 
for L. arabinosus and 0.2 mugm. for L. caset and C. butyricum), and suc- 
cessively increased volumes of solutions of the fatty acids in 95 per cent 
ethanol were added. The amount of fatty acid necessary to effect com- 
plete inhibition of growth was thus ascertained. 


RESULTS AND DISCUSSION 


The results presented in Table I demonstrate unequivocally that a num- 
ber of long chain cyclopropane fatty acids, both naturally occurring and 
synthetic, have the ability to substitute for biotin in the nutrition of L. 
arabinosus, L. casei, and L. delbrueckii. Two cyclopropane fatty acids ((I) 

‘“Vitamin-free’’ casein hydrolysate, General Biochemicals, Inc., Chagrin Falls, 
Ohio. 


‘Obtained through the courtesy of Dr. Broquist of the Lederle Laboratories 
Division, American Cyanamid Company, Pearl River, New York. 
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and (IT)), most likely possessing the cis configuration, can satisfy the lipide 
requirement of L. acidophilus, an organism not depending upon an external 
source of biotin. The ability to substitute for biotin and to sustain micro. 
bial growth is thus not a unique property of unsaturated fatty acids. 
Many workers (10, 13-15) have investigated the effect of oleic acid on 
microbial growth, but little information is available on the specific struc. 
tural requirements endowing a fatty acid with growth-promoting activity, 
The carboxyl group of oleic acid is essential for its growth-promoting ae. 


Tase I 
Biotin-Like Activity of Fatty Acids for Various Microorganisms 
Biotin equivalents in millimicrograms per mg. of fatty acid. 


Fatty acid L. arabinosus L. casei ates heieais acidophilus’ 
eee : ae 5.6 (10.3)f 5.4} 39.2 2.9 Active§ 
Elaidic... wewene or: 6.4 10.4 (+)9 (-}* 
cis-Vaccenic.... 5.0 (12.0) 4.6 21.8 3.3 1.0 
trans-Vaccenic. .. 7.6 (2.6) 3.4 (—) (+) (—) 
GG)... 3.7 5.6 15.5 (-—) 1.7 
ee)... 3.6 4.8 21.6 (—) 1.5 
(are)... 2.7 4.6 3.7 (—) (-) 
(IV).. 3.4 5.7 (—) (—) (-) 





* Synthetic cis-vaccenic acid served as the standard for these determinations, and 
its activity was arbitrarily chosen as unity. 

} The figures in parentheses are those reported by Cheng et al. (16). We can offer 
no explanation for the different activities observed in the two laboratories. 

t After 144 hours of incubation. 

§ Craig and Snell (11). 

|| Our previous value (8) (1.0 mygm. of biotin per mg.) for this acid must be in 
error, since we have consistently obtained the higher values in later assays. 

{ Slight growth (too low for accurate measurement). 

** No growth. 


tivity for L. arabinosus, since oley] alcohol fails to stimulate growth of this 
organism (8). It is also well established that saturated fatty acids are 
inactive but may exert a synergistic effect when supplied to the organisms 
in conjunction with certain unsaturated fatty acids (8). 

An inquiry into the growth-promoting activity for L. arabinosus of a num- 
ber of position-isomeric and stereoisomeric monoethenoid octadecanoic 
acids led Cheng et al. (16) to the conclusion that the cis isomers tested by 
them exhibited practically the same biotin-like activity, regardless of the 
position of the double bond. With the exception of elaidic acid, which was 
found to possess a high degree of biotin-like activity, the trans isomers were 
less active than the corresponding cis forms, and the activity decreased, 
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in a stepwise manner, as the double bond was shifted from the center of the 
chain towards either the methyl end or the carboxy] end. 

The present investigation extends previous information regarding the 
specificity of lipide stimulation of bacterial growth and demonstrates a 
markedly different specificity towards fatty acids among the microorgan- 
isms studied (Table I). JL. arabinosus and L. casei exhibit the broadest 
specificity; besides responding to monoethenoid octadecanoic acids, both 
organisms are stimulated by the cyclopropane fatty acids (I to TV). With 
L. casei, the activity of the cyclopropane derivatives almost equals that of 
the monoethenoid acids, but their activity is inferior as far as L. arabinosus 
is concerned. The position and stereostructure of the cyclopropane ring 
exert little effect on the microbiological activity of the compounds for these 
organisms. 

L. delbrueckii is somewhat more fastidious; it responds well to oleic, cis- 
vaccenic, and elaidic acids, but grows poorly in the presence of trans-vac- 
cenic acid. cis-dl-9 ,10-Methyleneoctadecanoic acid and lactobacillic acid 
are growth-promoting. trans-dl-9,10-Methyleneoctadecanoic acid (IIT) 
exhibits a low order of activity, and trans-dl-11 ,12-methyleneoctadecanoic 
acid (IV) is inactive. JL. acidophilus exhibits a marked preference for the 
cis isomers of the fatty acids studied. It is stimulated by oleic (11), cis- 
vaccenic, lactobacillic, and dihydrosterculic acids, but fails to respond to the 
respective trans isomers, regardless of whether they are derived from ethe- 
noid or cyclopropane octadecanoic acids. The shifting of the cyclopro- 
pane ring from the 9, 10 to the 11,12 position does not significantly influence 
the growth-promoting activity for this organism. The observation that 
L. acidophilus grows in the presence of lactobacillic acid and cis-dl-9 ,10- 
methyleneoctadecanoic acid, but fails to respond to trans-dl-9,10- and 
11,12-methyleneoctadecanoic acids, suggests a cis configuration for lacto- 
bacillic acid. Of the five organisms studied, only C. butyricum failed to 
respond to the cyclopropane fatty acids; it grows well on oleic and cis-vac- 
cenic acids, but is not significantly stimulated by the other compounds. 
That growth of this organism is stimulated by oleic, linoleic, and linolenic 
acids (10) was shown previously. The microbiological behavior of the 
acids (V) and (VI) revealed a relationship between chain length and growth- 
promoting activity in the cyclopropane fatty acid series. Both acids are 
devoid of biotin-like activity for L. arabinosus, L. casei, and C. butyricum, 
and inhibit the growth of these organisms. Thus a chain of more than 11 
carbon atoms is essential for endowing this type of fatty acid with growth- 
promoting activity. trans-dl-2 ,3-Methylenenonanoic acid (V) suppressed 
growth of the lactobacilli at a level of 10 mg. per tube, whereas 1 mg. per 
tube of trans-dl-2 ,3-methyleneundecanoic acid (VI) was required for com- 
plete inhibition. The growth of C. butyricum was inhibited by 0.3 mg. of 
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(VI) per tube and 1 mg. of (V) per tube. Higher biotin levels, or the ip. 
clusion of cis-vaccenic acid (0.1 mg. per tube), failed to overcome the jp. 
hibition of L. arabinosus by acid (V1). 

The mechanism of the fatty acid stimulation of bacterial growth is at 
present obscure. The observed selectivity of some of the microorganisms 
for specific fatty acids is not readily explicable in terms of surface activity, 
and points to essential functions of these acids in the metabolism of the 
bacteria. This interpretation receives additional support from the ob. 
servation that the lipides of L. arabinosus and L. casei contain significant 
amounts of lactobacillic acid and cis-vaccenic acid (2, 3).6 The finding 
that a variety of monoethenoid and cyclopropane octadecanoic acids haye 
a sparing action on the biotin needs of biotin-requiring organisms suggests 
a relationship, yet to be elucidated, between these lipides and the vitamin, 


SUMMARY 


A number of long chain cyclopropane fatty acids, both naturally oe. 
curring and synthetic, have the ability to substitute for biotin in the nutri- 
tion of Lactobacillus arabinosus, Lactobacillus casei and Lactobacillus de- 
brueckit. 

Two cyclopropane fatty acids, lactobacillic acid and dihydrosterculie 
acid, stimulate growth of Lactobacillus acidophilus, an organism not de- 
pendent upon an external source of biotin. Clostridium butyricum, al- 
though stimulated by oleic acid and cis-vaccenic acid, fails to respond to 
octadecanoic acids of the cyclopropane series. 

The growth-promoting activity of the cyclopropane fatty acids depends 
on the presence of a chain of more than 11 carbon atoms, since the short 
chain acids, trans-dl-2 ,3-methylenenonanoic acid and trans-dl-2 ,3-methyl- 
eneundecanoic acid, fail to support growth of the organisms tested. Both 
these acids are growth inhibitors for L. arabinosus, L. casei, and C. butyr- 
cum. 
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6 It seems highly probable that lactobacillic acid is also a constituent of some of 
the other lactobacilli. This point is being investigated at the present time. 
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ADENOSINETRIPHOSPHATASE SYSTEMS OF MUSCLE 
IV. KINETICS OF MYOSIN ADENOSINETRIPHOSPHATASE* 


By IRVING GREEN{ anv W. F. H. M. MOMMAERTSt 


(From the Department of Biochemistry, Duke University School 
of Medicine, Durham, North Carolina) 


(Received for publication, April 23, 1954) 


In this paper,! we present some kinetic observations on the hydrolysis 
of ATP to ADP and inorganic phosphate by myosin. Such observations 
have been scarce, compared to the otherwise extensive literature on this 


| enzyme. Mommaerts and Seraidarian (14) described a marked difference 


in substrate dependence for the hydrolysis of ATP and of ITP, but did not 
express this in kinetic terms, since the analytical accuracy did not permit 


| the satisfactory determination of reaction rates at low ATP concentrations; 
| ,’ 
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Gergely (2), confirming this observation for the case of meromyosin, re- 
ported a value of the Michaelis constant for the splitting of ITP. Some 
values for this constant for the splitting of ATP have recently been pro- 
posed by Ouellet e¢ al. (15), and similar results were obtained by Tonomura 
etal. (17); there is evidence that under some conditions K, may repre- 
sent the equilibrium constant of the enzyme-substrate complex, but this 
is not necessarily the case. 

The development of an accurate electrotitrimetric method (1, 5), suitable 
for work at low substrate concentrations, enabled us to study the kinetics 
of myosin ATPase under a variety of circumstances, and to arrive at cer- 
tain specifications regarding the nature of some of the ion effects reported 
previously (13, 14). 

The derivations used in this work are based on the following formulation: 

ky 


ATP + myosin a ATP-myosin (1) 
2 





* Part of a thesis submitted by Irving Green to the Graduate School of Duke 
University in partial fulfilment of the requirements for the degree of Doctor of Phi- 
losophy. This investigation was supported by research grant No. H-229 from the 
National Heart Institute of the National Institutes of Health, United States Public 
Health Service. 

t Predoctoral Fellow of the United States Public Health Service. Present ad- 
dress, Department of Surgery, Duke University School of Medicine, Durham, North 
Carolina. 

t This work was done during tenure of an Established Investigatorship of the 
American Heart Association. Present address, Department of Biochemistry, School 
of Medicine, Western Reserve University, Cleveland, Ohio. 

‘The following contractions are used in this paper: ATP, adenosinetriphosphate; 
ADP, adenosinediphosphate; ITP, inosinetriphosphate. 
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ATP-myosin 2, myosin + ADP + phosphate (9) 
(ke + k;) 

kK. ——— (3) 

‘ ki (3 


in which “myosin” stands for the amount of protein carrying 1 mole of 
active centers; this amount is not necessarily constant. 

It is assumed in this formulation that water, the additional reaction part- 
ner in Equation 2, is present in constant amount and in such excess as to 
have no limiting influence on the speed of the reaction. It is uncertain 
whether this assumption is justified at alkaline reaction if the hydroxyl 
ion, rather than water, acts as the second substrate (13). 


Methods 


Myosin was obtained as in previous studies in this series by the method 
described as “precipitation by dilution” (Green et al. (4)). Its preparation 
was performed during the morning and afternoon, and all experiments of 
one series were done during the evening and night of the same day; since 
the protein was stored, meanwhile, in the cold in concentrated solution, 
practically no loss in enzymatic activity occurred during that period. The 
necessity for these precautions greatly limited the number of individual 
determinations in experiments such as those in Fig. 1. 

ATPase was determined at 27.5° by the method of this laboratory (5), 
and initial reaction velocities were computed graphically from the rectilin- 
ear parts of the plots corresponding to the first few minutes of the reaction. 
The concentration of the substrate, ATP, varied from 0.08 to 0.33 mm; 
that of the enzyme was between 0.2 and 4.0 mg. of myosin per sample (25 
ml. of reaction mixture), chosen so as to give convenient reaction rates. 


Results and Interpretations 


Effect of Substrate Concentration—The effect of variation of the ATP 
concentration was studied from the point of view of the Michaelis theory, 
the data being plotted, for the computation of K, and V,,, according to 
Lineweaver and Burk (10). The use of V,, (velocity of the reaction of 
Equation 2, in moles of ATP per second per mg. of enzymes), instead of 
the conventional use of ks, is preferable, since in experiments in different 
ionic media the number of active sites per enzyme molecule may vary. 

As an example of such experiments, Fig. 1 gives the results of measure- 
ments made at pH 6.4, in the presence of varying amounts of CaCh. 
Throughout these determinations, we have encountered only rectilineat 
plots, indicating formal agreement with the theory. 

Applicability of Simplified Theory —The Michaelis theory obtains its 
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simple shape by the assumption that, owing to the low molar concentration 
of the enzyme, the free and the fofal substrate concentrations are equal. 
Since this situation did not prevail for the actomyosin-ATP interactions 
studied viscosimetrically (11, 12), we have investigated the present situa- 
tion with the criteria of Strauss and Goldstein (3, 16). It was found that, 
in the present work, the application of the Michaelis theory was justified 
(in the Strauss and Goldstein notation: EL’ << 0.1, namely ~0.001). 
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Fig. 1. Relation between reciprocal substrate concentration (abscissa) and 
reciprocal reaction velocity (ordinate) for the hydrolysis of ATP by myosin. Tem- 
perature 27.5°; 0.15 m KCl, pH 6.4; variable molar CaCl, concentration, viz. 4 x 10-4 
(®),8 X 10-* (A), 2 X 10-* (VY), 4 X 10 (@), 8 X 10-8 (D), 2.5 X 10-* (A), 4X 
10 (O). 


Effect of CaCl, at pH 6.4—As described previously (13, 14), Cat* ac- 
tivates myosin ATPase at the physiological pH optimum, the optimal 
Ca** concentration being about 0.04 m. As illustrated in Fig. 2, A, this 
activation by Ca** occurs at all substrate concentrations, and variation 
of the latter does not change the optimal concentration of Ca*+ within the 
limits studied. 

A kinetic analysis of this activation shows that, when both K, and V,, 
are plotted as a function of the Ca++ concentration, the two curves are re- 
markably similar (Fig. 3, A), so that there is an approximately linear 
relation between K, and V,,, regardless of whether given values of these are 
obtained by Ca++ concentrations below or above the optimum. 

Effect of CaCl, at pH 9.0—As at pH 6.4, the optimal concentration of 
CaCl; at alkaline reaction is again independent of the substrate concentra- 
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tion (Fig. 2, B). However, kinetic analysis no longer reveals a paralle] 
variation of K, and V,, as a function of [Ca++]; rather, these values vary 
paradoxically (Fig. 3, B). Hence, there is no unequivocal dependence of 
K, upon Vy. 
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Fig. 2. Reaction rates at different ATP concentrations as a function of the CaCl; 
concentration (abscissa). Medium, 0.15 m KCl; A, at pH 6.4; B, at pH 9.0; ATP 
concentrations 3.35 (O), 2.52 (A), 2.00 (CO), 1.36 (@), and 0.82 (A) X 10-4 mole per 
liter. In B, only the highest and lowest curves are drawn. 

Fia. 3. Dependence of Vm (O) and K, (A) upon the CaCl; concentration. Me- 
dium, 0.15 m KCl; A, pH 6.4; B, pH 9.0. 


Effect of MgCl.—Inhibition by Mg*+ was studied both at pH 6.4 and at 
pH 9.0 in the presence of Ca** near the optimal concentrations. The re- 
sults are presented in Table I. 

In both cases, at pH 6.4 and pH 9.0 the inhibition is always expressed in 
a corresponding reduction of V,. The residual activity, in terms of Vs, 
is below 5 per cent of the uninhibited enzyme, but is not depressed further 
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even by a large excess of Mgt*. At pH 6.4, the reduction in V,, is parallel 
with a strong but not entirely proportional reduction of K,; at pH 9, re- 
duction of V,, is accompanied by a strong increase in K,. These phe- 


TaBLeE I 
Kinetic Analysis of Inhibition of Myosin ATPase by MgCl. in Presence of 0.16 mu KCl 


























pH 6.4, 0.04 m CaCls | pH 9.0, 0.004 mw CaCl, 

Ratio | | Ratio 

(Mgt) | Ks Vm | (Mg*+) A Vn 

(Ca*) | | (Ca**) | | 

0 44 xX 10-5 41.4 xX 10°5 0 3.56 X 10°* | 11.5 xX 10-5 
0.25 | 6.2 X 107-5 1.92 * 10-5 0.25 45 xX 10-* 0.93 X 10-5 
0.50 4.9 X 10-5 1.92 xX 1075; 0.80 54 x 10-6 0.48 X 10-5 
2.5 4.3 X 10-5 1.35 X 10-5 2.5 38 %*10-* | 0.40 x 10-5 
25 | 4.5 X 10-5 1.32 X 10-5 | 25 53 xX x 10-5 


10-6 0.45 














0 eee 
0 2 oe 6 8 10 12 
('Zs5) x io? 
Fig. 4. Relation between reciprocal substrate concentration and reciprocal re- 
action velocity in the presence of ADP. Medium, 0.15 m KCl, 0.004 m CaCle, pH 9.0. 
Concentration of ADP 0.6 (M), 0.4 (OD), 0.24 (A) millimolar, and without ADP (0). 





nomena are the counterparts of those described for the Ca** activation at 
the same pH values. 

Inhibition by ADP—Inhibition of myosin ATPase by its reaction prod- 
uct, ADP, was noticed by Kalckar (7), and it might be expected that this 
inhibition is of the competitive type. Kinetic data (Fig. 4) appear to be 
in agreement with this view. We have again confirmed the applicability 
of the simplified theory with the aid of the criteria of Goldstein and Strauss. 
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A compilation of data on the inhibition by ADP (Table IT) shows that 
the values of the inhibition constant K, differ for different media. Spe. 
cifically, the data indicate that in the absence of bivalent ions the binding 
of ADP by myosin is not greatly dependent on pH. It appears, however, 
that upon the addition of Ca++ to the optimal concentration the binding of 
ADP is somewhat diminished at pH 6.4 and increased at pH 9.0. The 
addition of Mg** in the presence of Ca** at its optimal concentration has 
no effect at pH 6.4, while at pH 9.0 it causes some decrease of the affinity 
of ADP to the enzyme. 

















TaBLeE II 
Values of K; under Different Experimental Conditions 
| Ratio | 
{K+} [Ca++] Ca** } pH Kr (average) 
| Mg** | 
a | ——— 
0.15 No Mgt* 6.4 | 142 x< Be 
0.15 . = 6.4 1.2 X 10> 
0.15 | o * 9.0 | 10- 
| | 
0.15 0.04 .- « 6.4 4.6 X 10-4 
0.15 0.04 0.04 6.4 4.3 X 10-4 
0.15 0.04 2.0 | 6.4 4.9 X 10-4 
0.15 0.04 | 4.0 6.4 6.1 X 10-4 
| | 
0.15 0.004 | No Mg*+ | 9.0 | 1.6 X 10-5 
| 
| 
0.15 0.004 | 0.04 | 9.0 7.6 X 10-5 
0.15 0.004 | 2.0 9.0 5.0 X 10-5 
0.15 0.004 4.0 | 90 | 6.9 xX 10-5 
DISCUSSION 


The analysis presented in this paper is, admittedly, of an orienting na- 
ture. This is due, in part, to the limitations inherent in any treatment 
based on formal kinetic data only; furthermore, there are some additional 
uncertainties in the present case, in particular those resulting from our ig- 
norance of the number of active centers per molecule. From physical 
measurements, it is found that the number of groups capable of interaction 
with ATP with a concomitant molecular change may be between two and 
six per molecule (11, 12, 17), and not all of these may be enzymatically ac- 
tive sites; it is unknown, furthermore, whether the number of active centers 
is dependent on experimental variants such as the pH and the concentra- 
tion of bivalent ions. 

The inhibition by ADP, according to Fig. 4, appears to be of the competi- 
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tive type. It remains to be discussed whether the value of K; is independ- 
ent of the ADP concentration, as would be the case if n = 1 in Equation 4 


Myosin + nADP @ (ADP),-myosin (4) 
in which “myosin” again stands for the quantity of enzyme which carries 
one active center. We have extensively investigated this only at pH 6.4, 


0.15 m KCl, by plotting, according to Goldstein ((3), Fig. 5) the frae- 
tional activity as a function of the logarithm of the inhibitor concentration. 





i 
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FRACTIONAL ACTIVITY 








| 
= t 2 r I I = 
“3 


-4 
t ‘LOG [1] 

Fie. 5. Dependence of the fractional activity (uninhibited reaction = 1.0) on 
the logarithm of the ADP concentration. Concentrations of substrate (ATP) 
0.33 (O), 0.16 (CO), and 0.11(A) millimolar. The lines are parts of theoretical sig- 
moid curves (see the text), drawn for arbitrary values of the log [J] at the inflection 
point (fractional activity = 0.5). Medium, 0.15 m KCl, pH 6.4. 


fe) 


This was done for three substrate concentrations (Fig. 5). The experi- 
mental points show good agreement with the curves calculated for n = 
1; the theory (3) is independent of the number of active sites per molecule. 
It is concluded, therefore, that only 1 molecule of ADP combines with one 
active center. The results of Fig. 1 suggest the same conclusion with re- 
gard to ATP. Experiments by Hasselbalch (6) indicate an inhibition by 
an excess of substrate, but this occurs only at ATP concentrations 10 times 
higher than those employed here.? 


*A marked effect is only found with actomyosin. Since we have observed (un- 
published) certain disaggregative effects of large amounts of ATP upon actin and 
actomyosin, it is possible that this inhibition by high concentrations of ATP is 
partly due to secondary reactions. 
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The activation by Cat** differs, in its kinetic features, for different pH 
values. At pH 6.4, K, increases with V,,. Were this relation accurately 
established to be strictly linear and were it possible to identify with cer. 
tainty V,, with k3, this result would show that in Equation 3 the term 
k3/k, predominates over the equilibrium term k»/k, (cf. Kaufman and Neu- 
rath (8)). Even at the present state of the work, the results suffice to 
prohibit generalization of the statement that K, equals k2/k, (9, 15), 
In the light of our theory, the activation by Ca would then consist of a 
specific acceleration of the reaction in Equation 2, while the inhibitory ef. 
fect would be a deceleration of the same reaction. Although a variation 
of the number of active sites may also occur, it is unlikely that this varia- 
tion would be of such magnitude as to invalidate this interpretation. 

At pH 9, on the other hand, no parallelism between V,, and K, was found: 
here, K, may equal ke/ki. Further work on these points will be under- 
taken. 


SUMMARY 


Several features of the dependence of myosin ATPase on the ionic com- 
position of the medium have been analyzed kinetically by determining 
K, and V,, under a variety of circumstances. The observation is made 
that, at pH 6.4 at varying Ca*++ (and Mgt+) concentrations, V, and K, 
vary concomitantly. It is suggested that in this case K, does not repre- 
sent an equilibrium constant of the binding of enzyme and substrate, and 
that the activating and inhibiting effects of Ca++ and Mg* are due to their 
effects upon k;. At pH 9, no such conclusions were reached. 

Myosin ATPase is competitively inhibited by ADP. 
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THE DETERMINATION OF FRUCTOSE-6-PHOSPHATE AND 
FRUCTOSE-1 ,6-DIPHOSPHATE* 


By JOSEPH H. ROE anp NICHOLAS M. PAPADOPOULOS 


(From the Department of Biochemistry, School of Medicine, 
George Washington University, Washington, D. C.) 


(Received for publication, May 10, 1954) 


To determine fructose phosphate esters the Roe method (1) for free fruc- 
tose has been used. The latter procedure is not well adapted to the deter- 
mination of fructose esters and has therefore been modified to give satis- 
factory results with free fructose as the reference standard. 

The Seliwanoff reaction is given by free fructose. In procedures for 
estimating the fructose in fructose phosphate esters the phosphate groups 
are split off by heating with HCl. In the proposed method the concentra- 
tion of HCl is increased, the reaction mixture is heated longer, and acetic 
acid is substituted for alcohol as a solvent for the resorcinol. These modi- 
fications produce optimal conditions for the hydrolysis of the phosphate 
groups, the production of furfural, and the formation of color with resor- 
einol. 

To establish proper conditions for this method a pure crystalline barium 
fructose diphosphate was made from a commercial preparation. Work 
with an ion exchange column did not yield a satisfactory product. The 
problem was solved by precipitation of inorganic phosphate from a cold 
aqueous solution of the commercial product and then fractional precipita- 
tion with successively increased concentrations of alcohol. After four or 
five precipitations with alcohol, the product that crystallized from the 
residual alcoholic solution was pure. On analysis of this compound for 
C, H, O, fructose, Ba, and PO, essentially theoretical values for the mono- 
barium salt of fructose diphosphate with one H.O group in the molecule 
were obtained. 

Fructose diphosphate and monophosphate are separated from trichloro- 
acetic acid tissue filtrate brought to pH 8.3. The diphosphate separates 
from aqueous solution and the monophosphate is precipitated by adding 4 
volumes of alcohol. 


Method 
Reagents— 
Resorcinol-thiourea reagent. Dissolve 0.1 gm. of resorcinol and 0.25 gm. 
* Supported by a grant from the Division of Research Grants and Fellowships, 


National Institutes of Health, United States Public Health Service; assistance was 
also received from the Baxter Laboratories, Morton Grove, Illinois. 
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of thiourea in 100 ml. of glacial acetic acid. Keep in a brown bottle and 
prepare once every 2 or 3 months. 

Standard fructose solutions. (a) Stock solution. Obtain highest purity 
fructose and dry in a vacuum oven at 60-70°. Dissolve 100 mg. of fructose 
in 100 ml. of saturated benzoic acid solution. (b) Working standard. 2 ml, 
of the stock solution are made up to 100 ml. with saturated benzoic acid 
solution. 1 ml. of this solution contains 0.02 mg. of fructose. 

Phosphate buffer solution, pH 7.5. To 50 ml. of 0.2 mM KH2PO, add 49 
ml. of 0.2 Nn NaOH and make up to 200 ml. with distilled water. 

Concentrated HCl. 

5 per cent trichloroacetic acid. 

95, 85, and 75 per cent ethyl alcohol. 

1 per cent alcoholic phenolphthalein. 

Saturated NaOH. 

25 per cent barium acetate solution. 


Procedure 


Tissue is homogenized with 5 per cent trichloroacetic acid. Blood is 
deproteinized with the same reagent. A dilution is made that will yield 
filtrate containing 4 to 40 y per ml. A dilution of 1:10 is usually prepared. 

Place 2 ml. of filtrate in a 15 ml. conical centrifuge tube. Add 1 drop of 
alcoholic phenolphthalein solution, then saturated NaOH solution, drop- 
wise, until a slight pink color is obtained. 1 ml. of phosphate buffer solu- 
tion is added, followed by the addition of bromine vapor until the solution 
is slightly yellow. Let stand for 30 minutes. Bubble air through the solv- 
tion until it becomes colorless. 

Add 1 drop of phenolphthalein solution, then small drops of saturated 
NaOH solution until a slight pink color is again produced. Now add 3 
drops of 25 per cent barium acetate, but keep the mixture pink by adding 
small drops of NaOH solution. Allow the mixture to stand for 15 minutes 
at room temperature. Centrifuge for 5 minutes and decant the superna- 
tant fluid into a 15 ml. conical graduated centrifuge tube. Save both the 
precipitate and the decanted supernatant fluid. 

To the precipitate in the first centrifuge tube, which is barium fructose 
diphosphate, add 5 ml. of 75 per cent ethyl alcohol. With a glass rod break 
up the precipitate and thoroughly mix it with the alcohol. Centrifuge the 
tube for 5 minutes, decant, and discard the wash alcohol. Place the tube 
in an inverted position upon a gauze mat to drain for 5 minutes. 

To the original supernatant fluid, decanted from the first centrifuge tube 
into a second tube, add 4 volumes of 95 per cent ethyl aleohol made slightly 
pink to phenolphthalein with NaOH. Let stand for 30 minutes at room 
temperature. This precipitates the barium fructose monophosphate. 
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Centrifuge for 5 minutes, decant, and discard the supernatant fluid. Wash 
the precipitate with 85 per cent ethyl alcohol by the same technique de- 
scribed above for washing the diphosphate precipitate. Place the tube in 
an inverted position upon a gauze mat to drain for 5 minutes. 

Place the tubes containing the washed fructose monophosphate and di- 
phosphate precipitates in a rack and add 10 ml. of a mixture containing 6 
volumes of concentrated HCI, 2 volumes of resorcinol-thiourea reagent, and 
2 volumes of distilled water, previously mixed and cooled. Introduce a 
glass rod into each centrifuge tube and thoroughly mix the contents. Cen- 
trifuge for 5 minutes to remove the insoluble barium chloride. Decant the 
supernatant fluid from each centrifuge tube into a matched photoelectric 
colorimeter tube. 

Into a third matched colorimeter tube place 2 ml. of working fructose 
standard solution containing 0.04 mg. of fructose. Add 6 ml. of concen- 
trated HCl and 2 ml. of resorcinol-thiourea reagent. 

Prepare a blank for setting the colorimeter by placing in a matched col- 
orimeter tube 2 ml. of distilled water, 2 ml. of resorcinol-thiourea reagent, 
and 6 ml. of concentrated HCl. 

Place the four colorimeter tubes in a water bath at 80° for 13 minutes. 
Remove the tubes and cool to room temperature with tap water. Read 
the tubes in a colorimeter with a 515 my filter. 


Calculation 


DU volume of extract in ml. 100 
— X 0.04 X . 
DS 2 sample weight 


in gm. or ml. 





= mg. fructose per 100 gm. or ml. 


where DU = optical density of unknown; DS = optical density of stand- 
ard; 0.04 = mg. in 2 ml. of standard solution. To convert fructose to 
fructose monophosphate, multiply by the factor 1.44. To convert fructose 
to fructose diphosphate, multiply by the factor 1.88. 


DISCUSSION 


The quality of the color used in this procedure and its agreement with 
Beer’s law have been discussed (1, 2). As reported previously, this color 
is not completely stable. The rate of change in optical density, with the 
improved resorcinol reagent, is shown in Table I. In 1 hour the optical 
density decreased 4.3 per cent in the dark and 19.0 per cent in direct sun- 
light from a window. As the color does not remain completely constant 
and is influenced by the intensity of the light in the laboratory, we have 
always recommended that photometric comparison be made with a fructose 
standard solution treated identically as the unknown. 
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Since the reaction used has been made more sensitive, glucose offers 
greater interference in this method than in the procedures previously pub- 
lished (1, 2). Interference from glucose-6-phosphate is prevented by 
bromine oxidation. Gluconic acid does not give the Seliwanoff reaction, 


TaBLe I 
Stability of Color Obtained with 40 y of Fructose Treated As Described 


Optical density 
Time of standing ponleneuiciesstieanentiaiie heiniuininmnibinliitiinn cuties 


In sunlight 











In dark 
a a. ee ee a vs 7 
5 0.347 0.347 
10 0.344 0.328 
15 0.342 0.319 
20 0.340 0.310 
30 0.337 0.301 
40 0.335 0.292 
50 0.335 0.288 
60 0.332 0.281 
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MINUTES OF HEATING AT 80°C 


Fig. 1. Relation of time of heating to optical density of color produced by frue- 
tose and by inorganic phosphate. Curve 1, rate of color production with free fruc- 
tose; Curve 2, rate of color production by fructose in fructose-1,6-diphosphate; 
Curve 3, rate of color production by inorganic phosphate split from fructose-l,6- 
diphosphate by the Fiske and Subbarow method. 


The bromine oxidation must be carried out with the solution buffered to 
around pH 7.5 to assure complete oxidation of the glucose within practical 
time limits. Interference from glucose-l-phosphate and glucose-l ,6-di- 
phosphate is a possibility, but is not considered likely as glucose up to 100 
mg. per cent does not produce color in interfering amounts. 

The barium fructose mono- and diphosphates are not precipitated quan- 
titatively at pH 8.3 unless there is coprecipitation of barium phosphate. 
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For this reason excesses of barium and phosphate must be present for the 
precipitation step. 

That the phosphate groups are split off from the fructose diphosphate 
molecule before furfural formation takes place is indicated by the curves 
of Fig. 1. With this procedure Curves 1 and 2 show the rate of color for- 
mation from free fructose and fructose diphosphate, respectively. At 80° 
maximal color is obtained in 8 minutes with free fructose and in 12 minutes 
with fructose diphosphate. Simultaneous inorganic phosphate determina- 
tions on the same fructose diphosphate solution treated identically, except 
that resorcinol was omitted from the reagents, showed that all of the phos- 
phate had been split off from the fructose diphosphate in 12 minutes of 
heating. The completeness of the hydrolysis of the phosphate groups was 
checked by combustion of the compound and determination of the total 
phosphate. 

The results in Fig. 1 also show that heating for 13 minutes at 80° is the 
choice time, for there is maximal color production with both free fructose 
and fructose diphosphate. A fructose solution may therefore be used as 
the reference standard for the determination of fructose mono- and diphos- 
phates by the technique outlined. 

In experiments in which fructose monophosphate was added to blood, the 
following per cent recoveries were obtained: 93, 93, 98, and 100. When 
fructose-1 ,6-diphosphate was added to blood, the per cent recoveries were 
94,99, 98, and 99. 


SUMMARY 


The colorimetric method of Roe for free fructose has been adapted to the 
determination of fructose-6-phosphate and fructose-1 ,6-diphosphate in the 
presence of each other and of other carbohydrates. The two esters are 
separated from a trichloroacetic acid tissue extract at pH 8.3 as barium 
salts; the diphosphate separates from aqueous solution and the monophos- 
phate is precipitated by adding 4 volumes of ethyl alcohol. Conditions 


have been adjusted to permit the use of free fructose as the reference 
standard. 


Grateful appreciation is expressed to Dr. Bernard L. Horecker for aid in 
the analysis of our purified hexose diphosphate. 
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TWO REDUCTION PRODUCTS FROM THE ADRENAL 
PERFUSION OF PREGNANE-3 ,20-DIONE 


By JACK W. RALLS, FRANCIS J. SAUNDERS, A. L. RAYMOND, 
AND BYRON RIEGEL 


(From the Research Laboratories of G. D. Searle and Company, Chicago, Illinois) 
(Received for publication, January 4, 1954) 


The extensive investigations (1) of the Worcester Foundation for Experi- 
mental Biology have demonstrated the utility of adrenal perfusion of ster- 
oids as a source of potential therapeutic agents. In the course of our ap- 
plication of this technique to the preparation of new steroids, we have 
studied the adrenal perfusion of pregnane-3 ,20-dione. Instead of the ex- 
pected products resulting from 118-, 17a-, and 21-hydroxylation, we ob- 
served that the major conversion products were 3a-hydroxypregnan-20- 
one and pregnane-3a ,206-diol. 


EXPERIMENTAL! 


Pregnane-3 ,20-dione was prepared from commercial pregnane-3a ,20a- 
diol (W. F. Straub and Company, Chicago) by oxidation with chromium 
trioxide. It was crystallized from ethanol-water, m.p. 122—123° (118- 
123° (2)), [a]? +112° + 1° (1.2 per cent in chloroform); infra-red spectra, 
5.82 u, 5.88 w (shoulder). 


CaH3202 (316.47). Calculated, C 79.7, H 10.2; found, C 79.6, H 10.4 


As a more definitive test of purity, the sample was chromatographed on 
paper (Whatman No. 1, petroleum ether-pheny] Cellosolve solvent system). 
The major spot had migrated 2.9 to 5.4 cm. from the origin in 16 hours. 
A very small second spot remained at the origin. The spots were visu- 
alized by use of the Zimmermann color reaction, the phosphomolybdic 
acid reagent, and by examination of the 2,4-dinitrophenylhydrazones in 
ultraviolet light. The estimated purity was 98 per cent. 

The perfusion method was adapted from that of Hechter and coworkers 
(3). The glands were perfused via the vein with a medium of 50 per cent 
citrated beef blood and 50 per cent Tyrode’s solution from which the cal- 


‘The technical assistance of Sidney Siegel, John Kapetan, David Petrie, Anne 
Jaeger, Jeanette Mier, Patricia Stewart, and Marjorie Ziebell was of great value 
in this work. The melting points were determined on a Fisher-Johns hot stage 
apparatus with a thermometer calibrated against reference standards. The analyti- 
cal data reported were obtained by the Analytical Division under the supervision 
of Robert T. Dillon. The infra-red spectra were determined by the potassium 
bromide disk method. 
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cium was omitted. Glucose and pregnane-3 ,20-dione were added to this 
medium; Terramycin was used to reduce bacterial contamination. Perfy. 
sion was continued for 5 hours, during which time the medium circulated 
through the glands about six times. A total of 1 liter of medium and 1 
mg. of steroid was used for each gland perfused. At the conclusion of q 
perfusion, the medium was drained from the apparatus and immediately 
frozen. 

The perfusates from two such treatments (PT-186-6-A and PT-186-6-B, 
pregnane-3 ,20-dione input 1.00 gm. each) were thawed and extracted with 
isopropyl acetate by a method developed in these laboratories.? The ex- 
tracts were washed with aqueous salt solution and concentrated at reduced 
pressure with the introduction of nitrogen at the ebullition capillary and 
warming on a steam bath. The volume was adjusted to 20 ml. and the 
solution diluted with 380 ml. of benzene. The solution was poured into 
a silica gel (The Davison Chemical Corporation, grade 824, 80 to 200 mesh) 
chromatography column. The adsorbent weight was 100 times that of 
the steroid, and the column was prepared with 5 per cent ethyl acetate in 
benzene. The eluate was collected in fractions and evaporated at reduced 
pressure with nitrogen at the ebullition capillary; the residue was trans- 
ferred to tared flasks with acetone, dried, and weighed. 

Elution with mixtures of 9:1 and 4:1 benzene-ethyl acetate yielded (after 
crystallization from ether-petroleum ether) 3a-hydroxypregnan-20-one, 
m.p. 154-155° (151-154° (4)), [a}?® +106° + 2° (0.5 per cent in chloro 
form) (+109.5° + 4° (4)); infra-red spectra 2.95, 5.86, 6.92, 7.40, and 
9.58 yu. 

C2iH3,O2 (318.48). Calculated, C 79.2, H 10.8; found, C 79.2, H 10.4 
The yield was 67 mg. (7 per cent) in PT-186-6-A and 90 mg. (9 per cent) 
in PT-186-6-B. The compound was acetylated to give 3a-acetoxypreg- 
nan-20-one, m.p. 99.5-100.2° (102-103° (4), 97-98° (5)), [a]? +110°+ 2% 
(0.5 per cent in chloroform) (+83.5° + 4° (4)); infra-red spectra, 5.76, 
5.86, 6.92, 7.38, 7.94, and 9.66 u. 

C2;H3603 (360.52). Calculated, C 76.6, H 10.1; found, C 76.7, H 10.3 


Owing to the discrepancy in the reported and observed rotation of this 
derivative, it was synthesized by a modification of the method of Marker, 
Kamm, and Wittle (6) via the unknown (7) 3a-acetoxypregnan-20e-d, 
m.p. 131—132°, [a]? +45° + 1° (1 per cent in chloroform); infra-red spee- 
tra, 2.85, 5.78, and 7.92 u. 


C23H3s03 (362.54). Calculated, C 76.2, H 10.6; found, C 76.1, H 10.3 
The product melted at 99.7-100.7° (no depression on admixture with the 


2L. E. Thielen, L. N. Nysted, and J. 8. Mihina, unpublished results. 
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acetate of the perfusion product); [a]? +118° + 1° (1 per cent in chloro- 
form). 


C23H3.0; (360.52). Calculated, C 76.6, H 10.1; found, C 76.8, H 9.9 


Elution with mixtures of 2:1 and 1:1 benzene-ethy] acetate gave (after 
crystallization from ethyl acetate) pregnane-3a,208-diol, m.p. 238-240° 
(244-246° (4), 235-236° (5), 233.5-234.5° (8)), fa’ +10° + 2° (0.5 per 
cent in chloroform) (+19° + 5° (5), +12° (8)); infra-red spectra 3.02, 6.92, 
7.32, 9.14, 9.33, and 9.62 ux. 


CH 3602 (320.50). Calculated, Cc 78.7, H 11.3; found, C 78.4, H 11.2 


The yield was 30 mg. (3 per cent) in PT-186-6-A and 76 mg. (8 per cent) 
in PT-186-6-B. The compound formed a diacetate; m.p. 112—114° (113- 
115° (4), 109-109.5° (5), 111-112° (8)), [a}?? +61° + 2° (0.5 per cent in 
chloroform) (+45° + 4° (4), +52.7° (8)); infra-red spectra, 5.76, 6.92, 
7.28, 7.32, 8.03, and 9.62 yu. 


CeosHwO, (404.57). Calculated, C 74.2, H 10.0; found, C 74.3, H 10.0 


The mother liquors from the purification of the two products were ex- 
amined by paper chromatography. There was no evidence of the presence 
of 38-hydroxypregnan-20-one, pregnane-36 ,208-diol, or pregnane-38 ,20a- 
diol. In each case the major constituent was that already isolated in pure 
crystalline form. 

The weights after 1:1 benzene-ethyl acetate elution were not substan- 
tially greater than those observed in blank experiments, and all attempts 
to obtain crystalline material from them were unsuccessful. The low re- 
covery of conversion products suggests that substantial quantities of preg- 
nane-3 ,20-dione should have been observed. This compound would prob- 
ably show up in the early fractions, along with cholesterol and other com- 
pounds (9) derived from the blood used as part of the perfusing medium. 
Unfortunately, these fractions were discarded before they could be ex- 
amined and this point must remain unsettled. 


DISCUSSION 


The evidence is too scant to justify more than speculation as to the sig- 
nificance of the predominance of one stereochemical form in the reduc- 
tion products of pregnane-3 ,20-dione. In the light of the isolation of 3a- 
hydroxypregnan-20-one and pregnane-3a ,208-diol, it can be deduced that 
the general stereochemical course of reduction of 3-ketosteroids by reduc- 
tases in the mammalian adrenal leads to the equatorial conformation (10) 
of the resultant hydroxyl group. Since pregnane-3 ,20-dione is not a nor- 
mal metabolite of the adrenal gland, reduction must be accomplished by 
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the reductive systems which ordinarily operate on the allopregnane deriva. 
tives. 


SUMMARY 


The perfusion of pregnane-3 ,20-dione through surviving adrenal glands 
yields, as the major products, 3a-hydroxypregnan-20-one and pregnane- 
3a ,208-diol. 

A hypothesis is presented that the reduction of 3-ketosteroids in the ad- 
renal generally gives the alcohol of equatorial conformation. 
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AVAILABILITY OF CYSTEINE DERIVATIVES FOR THE 
BIOSYNTHESIS OF PENICILLINS* 


By CARL M. STEVENS, PRAN VOHRA, JOSEPH E. MOORE, anp 
CHESTER W. De LONG 


(From the Fulmer Chemical Laboratory, State College of Washington, Pullman, 
Washington) 


(Received for publication, March 18, 1954) 


In a previous paper (1), evidence was presented that L-cystine is utilized 
in preference to inorganic sulfate as a source of sulfur for the biosynthesis 
of penicillin in a strain of Penicillium chrysogenum. Arnstein and Grant 
(2) have reported that not only the sulfur but also the nitrogen and 8-car- 
bon of cystine are incorporated into the penicillins. These data suggest 
that the entire cysteine skeleton is utilized in the formation of penicillin, 
and focus interest on the possible sequence of intermediates involved. 

Two pathways for the transformation of cysteine to penicillin were sug- 
gested by Hockenhull et al. (3), one involving the thio ether, 8-(2-amino-2- 
carboxyethylmercapto)-valine (I), and the other a cysteinyl peptide. Siis 
(4) described a preparation presumably of mixed isomers of compound I. 
The resulting material was reported to produce some increase in yield of 
penicillin when added to a synthetic medium, but no greater yield than 
that produced from added cystine and valine. 


CH; 

(t) | (p) 
HOOCCHCH.—S—C——-CHCOOH 
NH: CH; NH: 

(I) 


In view of the clear evidence of utilization of cystine for penicillin bio- 
synthesis, it seemed of interest to undertake the preparation of compound I, 
having a configuration of the two asymmetric centers corresponding to 
those in penicillin, and to test more adequately its availability for penicillin 
biosynthesis by employing the competitive utilization technique (1). Cer- 
tain other possible precursors and derivatives of cystine have also been 
studied. 


Materials and Methods 


The culture of P. chrysogenum, the procedures employed in the fermenta- 
tions, determinations of radioactivity, and assays of penicillin are described 


*This project was supported in part by a grant from Eli Lilly and Company, 
Indianapolis, Indiana. 
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in the previous paper (1). All melting points were determined with q 
micro melting point block and are corrected. All evaporations in vacy 
were carried out below 30°. Microanalyses were performed by the Gal. 
braith Laboratories, Knoxville, Tennessee. 

Several of the compounds tested were obtained from commercial sources, 
S**-labeled L-cystine from the Abbott Laboratories, North Chicago, Illinois, 
and $**-labeled sulfate from the Atomic Energy Commission, Oak Ridge, 
Tennessee. 1-Cystathionine was kindly supplied by Dr. M. D. Armstrong, 
Salt Lake City, Utah. 1-Cysteic acid was prepared from L-cystine by ox:- 
dation with bromine (5). 

B-(2-Amino-2-carboxyethylmercapto)-valine—Several attempts, both be. 
fore (6) and after the appearance of the paper by Siis (4), to prepare this 
compound by addition of cysteine to a-acetamido-6 , 8-dimethylacrylic acid 
or by reaction of N-acetylpenicillamine with §-chloroalanine gave poor 
yields of products difficult to purify. The only procedure which yielded 
good results involved the protection of both amino groups before condenss- 
tion. 

From vu-Serine and vu-Penicillamine—pu-Serine was converted to 
N-benzoyl-8-chloro-pL-alanine methyl ester via pL-serine methyl ester 
hydrochloride and 8-chloro-pL-alanine methyl ester hydrochloride (7), 
N-Acetyl-pu-penicillamine was prepared by addition of hydrogen sulfide to 
4-isopropylidene-2-methyl-5(4)-oxazolone (8). 

To a solution of 0.73 gm. of metallic sodium in 50 ml. of absolute ethanol 
in a round bottomed flask equipped with a reflux condenser, and protected 
by a slow stream of nitrogen, were added 3.0 gm. of N-acetyl-pL-penici- 
lamine. Solution was effected by gentle heating. A solution of 3.8 gm. 
of N-benzoyl-8-chloro-pL-alanine methy] ester in 20 ml. of absolute ethand 
was then added, and the resulting mixture heated under reflux for 
minutes. After removal of the ethanol in vacuo, 70 ml. of 6 N hydrochloric 
acid were added to the residue, and the resulting solution was heated under 
reflux for 10 hours. The hydrolysate was cooled, benzoic acid was removed 
by filtration, and the filtrate evaporated to dryness. The residue was 
extracted with 30 ml. of absolute ethanol, and the extract neutralized with 
concentrated ammonium hydroxide. The crude product amounted to 34 
gm. It was recrystallized by suspension in 30 ml. of boiling glacial acetic 
acid and addition of the minimal amount of water to yield a clear solution. 
On cooling, 3.0 gm. of product were obtained. This material was recrystal- 
lized a second time from ethanol and water. When heated rapidly, the 
product showed a melting point of 252-255°, darkening above 235°. One- 
dimensional, descending chromatograms on Whatman No. 3 MM paper 
with the butanol-rich layer from equilibration of 50 parts water, 40 parts 
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n-butanol, and 10 parts glacial acetic acid as the solvent, showed only one 
ninhydrin-positive spot, Rr 0.05. 


CsHisN20,8. Calculated. C 40.66, H 6.83, N 11.86, S 13.57 
Found. “ ie, “6.8, “* iA; “Be 


The N ,N’-dibenzoyl derivative was prepared by reaction with benzoyl 
chloride in sodium hydroxide solution, and the product was recrystallized 
from 50 per cent ethanol. From 100 mg. of the amino acid were obtained 


TaBLeE | 
Comparison of Utilization of Compound I with Sulfate and Cystine for Penicillin 
Biosynthesis 
Each flask contained a total of 21.8 mg. of S. When two compounds were added, 
each supplied 10.9 mg. of S. The total activity of added cystine was 11,000 c.p.s. 
and of added sulfate 24,400 c.p.s. by the counting procedure employed. Compound 
Lis 8-(L-2-Amino-2-carboxyethylmercapto) -p-valine. 








Radioactivity in amyl 
acetate extract, C.p.s. 
per 100 units 


Yield of a, 
units per ml. | 
Compounds added | 


























| 72 hrs. | 120 hrs. | 72 hrs. | 120 hrs. 
a ee eee | 370 550 3.1 4.7 
“ ee eee eg eras | 425 | 540 | 4.8 | 5.1 
$-Labeled L-cystine + compound I............| 425 540 9.25 | 9.4 
“ cee We | 425 | 550 | 9.3 | 9.9 
§-Labeled sodium sulfate . Sea eR ee rer sorter i | 370 450 6S | 11.2 
« “ Me ee © -c&§ .s of 
$-Labeled sodium sulfate + compound I.......|/ 370 450 | 20.2 | 21.2 
“ - «+ PME coal | 370 | 450 | 20.2 | 18.8 


65 mg. of twice recrystallized product melting at 121-123°, with softening 
at 115°. 


C22H2N20,S. Calculated. N 6.30, S 7.21, neutral equivalent 222 
Found. “6.0. * 7.0, ’ - 223 


From u-Serine and pv-Penicillamine—N -Formy]-p-penicillamine was pre- 
pared by resolution of N-formyl-pi-penicillamine with brucine (8). N- 
Benzoyl-8-chloro-L-alanine methyl ester was prepared from L-serine by a 
procedure identical with that employed with pL-serine. The condensa- 
tion of N-formyl-p-penicillamine (1.0 gm.) and N-benzoyl-6-chloro-t-ala- 
nine methyl ester (1.37 gm.) was carried out exactly as described above. 
The yield of crude product was 1.1 gm. and of twice recrystallized product 
0.8 gm., melting at 252-255°, with darkening above 235°, and [a]** —17° 
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(1 per cent in water). The behavior of the compound on paper chroma. 
tograms was identical with that described for the mixed isomers. 


CsHisN20,8. Calculated, C 40.66, H 6.82; found, C 39.95, H 6.90 
Results 


In Table I are listed data on the effectiveness of the thio ether (I) in 
replacing L-cystine or inorganic sulfate as a source of penicillin sulfur, 
Since in these experiments the total sulfur and total radioactivity are kept 
constant, when half of the labeled compound is replaced by a second non- 


TaBLe II 
Effectiveness of Various Sulfur Compounds in Replacing Sulfate for Penicillin 
Biosynthesis 
Each flask contained an amount of S*5-labeled inorganic sulfate equivalent to 109 
mg. of S and having a total activity of approximately 7500 c.p.s. by the counting 
procedure employed. The compounds listed were added in amounts equivalent to 
10.9 mg. of S. 


Radioactivity in amy! 


Yield of penicillin, units acetate extract, c.ps 








Compounds added ort per 100 units 
| 70 hrs. 118 hrs. | 70 hrs. 118 hrs. 
Sodium sulfate........... EN ene 95 | 190 3.2 3.6 
“ One rire Serre ve 9 | 199 | 386 | 3.7 
pit-Homocysteine............... eee 65 | 144 | 1.9 | 1.6 
es Sedetaeniceiabieh Rh ahi needs 80 | 170 1.5 1.4 
ee ere ee ae 90 250 3.7 2.5 
es Me Divas Gens, BR eee clnons Sut 100 | 275 3.5 | 2.6 
Ce ae nen Ee nT: 110 | 300 | 3.6 | 3.0 
~ 2 SIR Pe Seer Ee ee TS Se oe 85 245 | 4.1 | 2.6 





radioactive one, the specific activity of the first compound is doubled. 
Thus, equal utilization of the two compounds would result in penicillin 
having the same specific activity as in cultures containing the labeled com- 
pound alone, while no utilization of the non-radioactive compound would 
result in a doubling of specific activity. It can be estimated that in this 
case an insignificant amount (<20 per cent) of the penicillin sulfur is de- 
rived from the thio ether. Thus, when added to the culture medium, this 
compound does not compete effectively either with sulfate or with cystine 
in penicillin biosynthesis. In other experiments, the preparation of mixed 
isomers of compound I was also tested with similar results. 

Table II contains representative data from an experiment in which 4 
series of sulfur compounds was compared with inorganic sulfate as pre- 
cursors of penicillin sulfur. From the lowered incorporation of labeled sul- 
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fur, it is apparent that added pi-homocysteine is utilized in preference to 
sulfate, as was the case with methionine (1). On the other hand, L-cysteic 
acid and taurine compete about equally with sulfate. 

The results with L-cystathionine (Table III) are unusual in that the 
compound appears to be utilized to approximately the same extent in the 
presence of an equimolar amount of added cystine as in the presence of 
inorganic sulfate. This observation merits further study. 


TaBe III 
Comparison of Utilization of u-Cystathionine with Sulfate and Cystine for Penicillin 
Biosynthesis 
Each flask contained a total of 21.8 mg. of 8S. When two compounds were added, 
each supplied 10.9 mg. of S. The total radioactivity of added cystine was 3880 ¢.p.s. 
and of added sodium sulfate, 18,880 c.p.s. by the counting procedure employed. 





Radioactivity in 


Yield of penicillin, amy] acetate 
units per ml. extract, C.p.s. per 
Compounds added 100 units 


72 hrs. | 120 hrs. | 72 hrs. 120 hrs. 





§**-Labeled sodium sulfate 260 450 





5.3 

260 450 5.6 5.3 

+ L-cystathionine 400 550 6.9 4.2 
a - 350 550 7.5 

L-cystine 260 550 1.0 0.9 
is 260 480 0.9 

+ L-cystathionine 500 550 1.2 1.0 

— = 400 550 ee 1.0 

SUMMARY 


8-(L-2-Amino-2-carboxyethylmercapto)-p-valine (I) was synthesized. 
Under the conditions employed, this compound added to cultures of Penicil- 
lium chrysogenum did not serve effectively as a precursor of penicillin sulfur. 
pL-Homocysteine, L-cysteic acid, and taurine were utilized in the presence 
of inorganic sulfate, but not as effectively as L-cystine. The sulfur of 
L-cystathionine was utilized approximately equally in competition with 
inorganic sulfate or with L-cystine for penicillin biosynthesis. 
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QUANTITATIVE DETERMINATION OF SERUM SODIUM 
INVOLVING SEPARATION OF CATIONS ON A 
RESIN COLUMN* 


By JOHN C. VANATTA anno CATHERINE CARR COX 


(From the Department of Physiology, Southwestern Medical School of The 
University of Texas, Dallas, Texas) 


(Received for publication, March 22, 1954) 


Methods for determining sodium prior to 1950 were usually time-con- 
suming, expensive, or subject to considerable error. In 1950 Beukenkamp 
and Rieman (1) reported quantitative differential elution of sodium from 
other cations, using Dowex 50, a cation exchange resin. Their method was 
set up primarily for sodium in non-biological samples, but would be applic- 
able to determinations of serum sodium. It is a simple, accurate, and in- 
expensive method; however, it requires 8 to 10 hours for a complete de- 
termination, and 40 cc. of serum are needed to obtain an accuracy of about 
lper cent. These factors make it unsatisfactory as a clinical procedure. 

This paper describes a similar method with the same advantages, which 
requires only 2 hours, including less than 30 minutes of the technician’s 
time. It requires only 1 cc. of serum and has an average error of less than 
2 per cent when results by the new method are compared with the results 
of a Butler-Tuthill (2) determination. The procedure involves quantita- 
tive separation and recovery of the sodium by elution from a cation ex- 
change resin column with BaCl, solution as the elutriant, followed by pre- 
cipitation of the barium and then stoichiometric conversion of the sodium, 
obtained as NaCl, to NaOH, with simultaneous conversion of the hydro- 
chloric and sulfuric acids to water by the use of an anion exchange resin. 
The NaOH obtained is then titrated with standard HCl. 


Apparatus 


1. A 50 cc. burette with a cross-sectional area of 0.93 to 1.04 sq. em. 
with or without a stop-cock, connected to a reservoir for the eluting agent 
(Fig. 1). It is necessary that the connection between the reservoir and 
the column come below the tip of the column to prevent it from draining 
dry. The joint between the connecting tube and the burette should be one 
that opens with ease, as samples must be introduced directly into the col- 


umn. The bottom of the burette is packed with spun glass to prevent 
loss of resin. 


* Supported by grants-in-aid from the Dallas Heart Association and the American 
Heart Association in cooperation with the Dallas Heart Association. 
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2. Volumetric flasks, 100 cc. 

3. Water bath at 100°. 

4. Glass column of 250 cc. volume, 10 sq. cm. cross-sectional area, for 
conditioning IRA-400 and IR-112 resins. A spun glass plate in the bot- 
tom of the column prevents loss of resin (Fig. 2, A). 




















RESERVOIR 
RUBBER 
STOPPER = CAPACITY 
4 \ 
\_{ 
TI \ 
ad 
je 
EE 50 cc. 
‘| IR-112 
RUBBER 
CONNECTION 
SPUN GLASS 





Fig. 1. Column and reservoir for cation separation. The important features of 
this apparatus are that the connections must come below the tip of the column, to 
prevent the apparatus from siphoning dry, and the rubber stopper must be remov- 
able for introduction of samples. 


5. Column of 10 ml. volume, about 1 sq. cm. cross-sectional area, witha 
constriction at the bottom and with a reservoir of 60 cc. volume (Fig. 2, B). 
This column is used for the IRA-400 resin and must have a spun glass plate 
in the tip to prevent loss of the resin. The flow rate with the spun glass in 
the column is approximately 25 cc. per minute. 

Reagents— 

1. Deionized water prepared with an ion exchanger such as Deeminac’ 
This is used for all reagents and wherever water is employed. 

2. Amberlite IR-112,? a sulfonic acid type cation exchanger which is ob 
1 Crystal Research Laboratories, Inc., Hartford, Connecticut. 

* Obtained from the Rohm and Haas Company, Philadelphia 5, Pennsylvania. 
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tained in the sodium form. After the fine particles are separated with a 20 
mesh standard sieve, they are placed in the 250 cc. conditioning column. 
The large resin particles are unsuitable for this procedure. (a) First wash 
with 5 per cent HCl until there is no further sodium eluted as determined 
by a uranyl zine acetate qualitative test (RNa + HCl — RH + NaCl). 
(b) Next wash with 5 per cent BaCl, until barium appears in the effluent 
as indicated with H,SO, qualitative tests (2RH + BaCl, — 2RBa + 2HCl) 
(c) Wash again with 5 per cent HCl until barium is absent, as shown by 
H.S0, indicator (2RBa + 2HCl — 2RH + BaCl:). (d) Repeat the 5 per 
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Fig. 2. Columns for resins. A, column for conditioning IRA-400 and IR-112 
resins; B, column containing 10 cc. of IRA-400 resin for use in Step 4 of the procedure. 


cent BaCl, washing until barium appears in the effluent, and then pass an 
additional liter of BaCl, solution through the column (2RH + BaClh — 
2RBa + 2HCl). (e) Finally place 50 ml. of the resin in the 50 em. col- 
umn, and wash with 100 ce. of 0.05 m BaCle. We find that the capacity 
is 1.94 m.eq. of Ba** per cc. of resin when conditioned as above. 

3. HCl approximately 5 per cent, approximately 1 nN, and 0.01 n stand- 
ardized against KIOs;, as described by Kolthoff and Sandell (3). 

4. BaCl, approximately 5 per cent and 0.05 m. 

5. HSO, approximately 2 n. 

6. Amberlite IRA-400; a Rohm and Haas* strong anion exchange resin 
which is obtained in the chloride form. It is converted to the hydroxide 
form by placing 250 cc. of the resin in the conditioning column and washing 
with 15 liters of 5 per cent NaOH over a 24 hour period (RC] + NaOH > 
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ROH + NaCl). This is followed with 15 to 20 liters of deionized wate 
flowing slowly through the column for another 24 hours. After use, re. 
conditioning of the resin is difficult, since a portion of the resin is in the sl. 
fate form. We found reconditioning impractical in our laboratory. 

7. 5 per cent NaOH solution. 

8. 1 per cent brom thymol blue (dibromothymolsulfonephthalein) in gl. 
coholic solution. 

9. KIO3, 0.015 n solution. 

10. Potassium iodide, c.p. 


Procedure 


Step 1—Transfer 1 cc. of serum to the IR-112 column. The 0.05 y 
BaCl, solution on the prepared 50 cc. column of IR-112 resin is allowed to 
drain down until the meniscus touches the top of the resin. 1 cc. of the 
serum on which the sodium determination is to be done is transferred to 
the top of the column, and the meniscus of the fluid is again slowly lowered 
to the top of the resin. The serum is quantitatively washed onto the resin 
by washing the side of the tube with 1 cc. of water and again lowering the 
meniscus to the top of the resin. This is repeated with another 1 ce. of 
water. Care is taken that the meniscus of the fluid does not fall below the 
level of the resin. The air space at the top of the column is then filled with 
elutriant and the connection made to the reservoir. 

2. Chromatographic Elution of Sodium—40 cc. of 0.05 m BaCl, are poured 
into the reservoir and started through the column at a rate never exceed- 
ing 2 cc. per minute. The flow automatically stops when the 40 cc. have 
passed through the column, for this returns the level of liquid in the reser- 
voir to the level of the outflow tip of the column. This portion of effluent, 
which contains the serum proteins, is discarded. Then 82.5 cc. of 0.05 
BaCl, are introduced into the reservoir and allowed to flow through the 
column, again at a rate not exceeding 2 cc. per minute. This effluent is 
collected in a 100 cc. volumetric flask. 

3. Precipitation of Barium As BaSO,—The solution is acidified by adding 
5 ec. of 1 N HCl, and the flask is placed in a water bath and heated to 100°. 
5 ec. of 2. N HeSO, are added to precipitate the barium as BaSO,. This must 
be done at a uniform rate in a 60 + 1 second interval in order that the er- 
ror due to the occlusion of the sodium may be constant. Next the flask is 
immersed in a cold water bath in order to cool the solution rapidly to 
room temperature. The solution now containing HCl, the excess H.S0,, 
BaSQ,, and NaCl is diluted to the mark, mixed thoroughly, transferred 
to a centrifuge tube, and centrifuged at 2000 r.p.m. for 3 minutes. 

4. Conversion of NaCl to NaOH and Quantitative Determination of NaQH— 
A 50 ce. aliquot of the supernatant fluid, followed by two 10 cc. portions d 
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deionized H,O, is run through 10 ec. of IRA-400 in a column. (Before the 
10 ec. of IRA-400 are used, the solution must be washed with deionized 
H,0 until a 70 cc. portion of effluent is titrated against 0.05 cc. or less with 
0.01 N HCl with brom thymol blue indicator.) The entire 70 cc. effluent is 
collected, and 5 drops of brom thymol blue are added. The solution is 
titrated with 0.01 N HCI until the end-point remains constant upon boiling 
the solution for 5 minutes. From the volume of 0.01 n HCl added the 
sodium concentration may be calculated. This value for sodium concen- 
tration must then be corrected for the following two factors: (1) The blank 
titration of a saturated solution of BaSO, in approximately 0.13 n HCl and 
0.02 n H2SO, is determined as given below for each batch of IRA-400 resin 
that is conditioned. This blank is calculated to milliequivalents per liter 
by use of the first two formulas given below and is subtracted. (2) 6 per 
cent of the corrected value must be added to the corrected value, as this 
amount of sodium is lost by occlusion on BaSO, when 5 cc. of H.SO, are 
added in 60 seconds. Therefore 


(Ce. standard solution) (normality standard solution) 


= uncorrected m.eq. Na per 0.5 cc. serum 


Uncorrected m.eq. Na 





(2 X 10%) = uncorrected m.eq. Na per liter serum 
0.5 ce. serum 


Uncorrected m.eq. Na 





- less blank in m.eq. per liter = z 
Liter serum 


1.062 = Na m.eq. per liter corrected value 


Anew 10 ec. portion of IRA-400 resin must be used for each determination. 
The IR-112 need only be washed with 250 ec. of 0.05 m BaCl, to remove the 
K+, Ca**, and Mg*, and it will then be ready for the next sample. The 
IR-112 is stable in 0.05 m BaCl, since columns have been in continued use 
for as long as 15 months. 


Results 


Preliminary Experiments on Operating Conditions—In order to determine 
optimal operating conditions of the cation column, it was necessary to run 
tests on the effects of variables of length and diameter of the columns, con- 
centration of the cation of the elutriant, and volume and concentration of 
the sodium. Details of these experiments are too involved to include here. 
However, after these variables were satisfactorily controlled, it was then 
necessary to establish the optimal flow rate. The elution curves produced 
by flow rates of 1, 2, and 3 cc. per minute are shown in Fig. 3. 

Once these conditions were determined, elution curves for Nat, K+, NH¢, 
Ca**, and Mg** were evaluated. These curves appear in Fig. 4. 
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In addition, optimal conditions for precipitation of barium to obtain 
minimal occlusion of sodium were determined. Experiments indicated 
that precipitation was best performed at an acid pH and at approximately 
100°. The effect of the rate of addition of the sulfuric acid on the occlusion 
of sodium was determined. These data are presented in Table I. 

In addition, it was found that adsorption of sodium on the precipitate 
occurred with time, as indicated by the data in Table IIT. These data would 
indicate that cooling and separation of the precipitate from the super. 
natant solution should be carried out promptly. 
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Fig. 3. Effect of flow rates on cation elution curves. These curves indicate that 
the elution curves for sodium and potassium become wider as the flow rate increases. 


2 cc. per minute is the fastest rate which may be used and still give adequate separa- 
tion. 


Evaluation of Errors with Standard Solutions—The sodium hydroxide was 
standardized against standard 0.01 N HCl. The reproducibility of results 
of this titration was measured by ten replicate determinations, and the 
standard deviation was found to be 0.2 m.eq. per liter. If this NaOH 
standard was first poured through the IRA-400 column, the calculated 
values averaged less than 0.5 per cent lower, and the standard deviation 
increased to 0.8 m.eq. per liter (Table ITT). 


The stoichiometry of the Cl- — OH reaction on the IRA-400 column | 


was then tested with 1 cc. of 150 m.eq. per liter of NaCl solution. Ten 
replicate determinations averaged 149.67 m.eq. per liter, with a standard 
deviation of 0.7 m.eq. per liter on Batch A of IRA-400 resin and 150.07 
m.eq. per liter on Batch B of the resin. 
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Fic. 4. Cation elution curves. Separate elution curves obtained by placing the 
indicated amount of the respective cations in chloride form on the column of 50 cc. 
of IR-112 resin and eluting with 0.05 m BaCl: at a flow rate never exceeding 2 cc. per 
minute. 

TaBLe I 
Effect of Sulfate Addition Rate on Sodium Occlusion 
Each value is an average of ten determinations. 
Time required to add 5 cc. 2 N H2SO, 
e that 1 sec. 15 sec. 30 sec. 45sec. 60sec. 90 sec. 
reases. i 
epara- | Occluded sodium (150 m.eq. per liter) 
1- } , 
% of total.... 9.73 10.47 10.00 | 8.53 | 5.53 | 9.47 
le was 
‘esults 
Tasxe II 
id the , 
Na0H Per Cent of Sodium Adsorbed on BaSO, Precipitate with Standing 
ulated 1 ce. of 150 m.eq. of sodium per liter used. 
riation Da Solution separated from BaSO, Solution left in contact with 
y within 15 min. after precipitation BaSO. 
olumn ee e 
ol Ist 5.27 5.53 
Ten 2nd 5.40 6.47 
andard 5th | 5.53 14.20 
150.07 6th | 5.53 14.80 
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The IRA-400 column yielded insignificant blank determinations with per lit 
water, but determinations on a saturated solution of BaSQO, in approxi- in the 
mately 0.13 N HCl and with 0.02 n H.SO, gave results averaging 6.69 + 


value, 
0.16 m.eq. per liter on ten replicate determinations with Batch B of IRA- 


Taste III 
Evaluation of Errors All 


No. | i 
Experi- | Stan- 
— Theomgh Through fool | —— = 
=~ | TR-112 A-400 Nat ev- 
— value | value | iation | 


Material determined Error 


Samp 





Determination of titration and anion column errors 











m.eq. m.eq. | m.eq. 
erl 


perl. | perl. lp 
H.0 10| No | Yes 0 00.05) — 
NaOH 10| “ | No 103.93 |103.93 | 0.2 | 0.00 + 0.0 
10| “ | Yes 1103.93 103.37 | 0.8 |—0.56 + 0.% 

NaCl fio) « | © ae 1150.00 149.67 | 0.7 |—0.33 + 0.3 
}10| “ | B® {150.00 {150.07 | 0.3 |+0.07 + 0.1 
0. 

3. 

0. 


m.eq. per |, 


HCl + HSO, 10 i ee 0.00 | 2.97 6 |+2.97 + 0.19 


BaSO, + HCl+HS0,| 6) “ | « “ | 0.00) 4.62| 3.9 |+4.62 + 1.% 
5 |+6.69 + 0.16 


| 10; “« | “« Be 0.00 6.69 
150.00 [149.00 | 2.8 |—1.00 + 0.9 


- 
= 


NaCl + BaSO,+ HCl | 10| ‘ 
+ HSO, | 





Determination of cation column errors (all values corrected for anion column 
errors and occlusion errors) 


BaSO, + HCl + H.2SO, | 10 | Yes| Yes, A* 0.00 | 4.81 | 0.7 |+4.81 + 0.21 

NaCl + BaSO, + HCl | 10 - ” 150.00 150.83 | 1.3 |+0.83 + 0.41 
+ HSO, | | 

Mixture (m.eq.), 0.15 | 14 . - 150.00 |150.26 | 2.0 |+0.26 + 0.64 
Nat + 0.0076 Cat + | | 


0.002 Mg** + 0.006 Kt 
Dog serum 12 vs 5 146 .927/148.32 | 3.1 |+1.40 + 0.9 





* A and B designate batches of conditioned IRA-400 resin. 4 
+ Average of four Butler-Tuthill determinations. wee 


400 resin and 4.62 + 1.26 on six replicate determinations with Batch A of 
the resin. This solution simulates the conditions of the analysis from Step serie 
4 of the procedure on, except for the absence of the sodium. and | 

When 1 ce. of 150 m.eq. per liter NaCl is added to 82.5 ec. of 0.05 m impc 
BaCl, in a 100 cc. volumetric flask and analyzed starting at Step 3, the tion 
results on ten replicate determinations averaged 149.00 m.eq. per liter, Fy 
uncorrected; when corrected for the blank, the average was 142.31 m.eq. erro! 
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per liter. The error of 7.79 m.eq. per liter represents the sodium occluded 
in the precipitation of the BaSO,. This error is 5.2 per cent of the original 
value, or 5.5 per cent of the value after the blank is corrected. On another 


TaBLe IV 
Comparison of Resin Method with Method of Butler and Tuthill 
All values are in milliequivalents per liter. 























Normal Patients 
Sodium values | Sodium values by Sodium values | Sodium values by 
by resin Butler-Tuthill | by resin | Butler-Tuthill 
Sample No. mri a a | Sealey Neer . 
| Individ- | Individ- | | — 4) | Individ- | Individ- | sl 
| — 4 | Aver- | eal do Aver- \( »)| cal de> Aver- | aa | Aver- \(e ») 
| termina-| ages termina- | ages | termina-| ages | termina-| ages | 
| tions | tions | | tions | tions | 
(e) | ) | | (2) ) | 
a aS | a aaa SSS ae ae 
} } | | 
1 =| 140.1 | | 138.4 | | 128.5 | 126.6 | 
140.8 — 143.3 | wai —0.4) 125.1 126.8) 126.3 - +0.3 
2 137.8 | | 134.9 | 137.2 | 134.4 
134.9 | 136.4 137.4 | 136.1) +0.3) 131.2 8 135.1 134.7; —0.5 
3 135.6 | 140.5 | 134.4 | 134.6 
| 137.5 | 136.6 140.3 iia —3.8 133.3 133.8) 133.4 134.0; —0.2 
4 =| 136.2 | 143.8 | 132.3 | 128.1 | 1. 
| 141.8 | a 141.9 142.8) “4 128.2 mo) 125.9 127 0) +3.3 
5 | 139.1 | 135.5 | 131.2 135.3 | . 
| 140.8 | 0.9 135.6 | 135.0, +4.9| 135.0 | “°-1) 136.5 1m6.9) —3.8 
| | | 134.0 | | 
6 | 140.3 | 139.4 131.3 134.2 
137.6 | 138.9 137.1 138.3) +0.6 132.3 =< 134.0 ai —2.3 
7 | 136.5 131.8 131.9 | 137.2 
135.9 | 136 .2| 137.5 134.7) +1.5 133.3 — 132.0 a —2.0 
8 | 133.6 | 137.4 | 133.3 | 135.4 ad 
134.6 | ey 134.9 136.1) —2.0 132.3 7 134.1 134.7| —1.9 
9 | 138.6 | 136.6 137.6 | 134.8 | 
| 133.3 | 136.0 137.5 | saalhes —1.0) 135.5 in 140.5 | ae —1.0 
10 138.6 | 136.2 | | 130.6 | 183.7 | 199 9l 
140.8 | 139.7 142.4 | oe +0.4 131.2 | 130 "| 131.9 | 132.8) —1.9 
Average .. | 187.7 | 138.1|-0.33 | 132.3] | 133.2|-0.92 
| '+0.82 


'+0.58 





series this error was 6.0 per cent. It never varied over 6.0 + 0.7 per cent, 
and hence 6.0 per cent was the correction factor used throughout. It is 
important to check the factor to be sure that the conditions of precipita- 
tion are such that the error is within this range. 

From the corrections for the anion column and occlusion errors, the 
errors of the cation column were then evaluated. Barium sulfate run 
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through the cation column was precipitated as in Step 3 and the analysis 
carried out from this point. The results on the blank averaged 4.8 m.eq, 
per liter, which is essentially the same as that observed on the solutions of 
BaCl, similarly treated and run on this same batch of IRA-400 resin. 

Ten replicate determinations were then carried out on a 150 m.eq. per 
liter NaCl standard solution. The results averaged 150.83 + 0.41 meq, 
per liter. Fourteen replicate determinations on a 150 m.eq. per liter NaC] 
standard solution, containing K+, Ca**, and Mg* chlorides in the maximal] 
amounts that these cations might be found in 1 cc. of serum, were then 
made. The results of these analyses averaged 150.26 m.eq. per liter. 

Biological material was analyzed by this method, and the results were 
compared with the results of the Butler-Tuthill (2) determination per- 
formed on 1 cc. of serum. First, serum of a dog was analyzed in twelve 
replicate determinations by the resin method, and the results averaged 
148.32 m.eq. per liter. The standard deviation of a single determination 
was 3.1 m.eq. per liter. The results of four analyses by the method of But- 
ler and Tuthill averaged 146.92 m.eq. per liter. 

The method was then compared with that of Butler and Tuthill by per- 
forming duplicate analyses by each of the methods on ten normal persons 
and ten hospital patients and comparing the results of these duplicate de- 
terminations (Table IV). The average error of the resin method, assum- 
ing the averages of the Butler-Tuthill method to be the true value, was 
—0.33 + 0.82 m.eq. per liter in the series on serum from normal persons 
and —0.92 + 0.58 m.eq. per liter in the series on hospital patients. The 
reproducibility of results on duplicate determinations was as good with 
our method as were the results of the Butler-Tuthill method when per- 
formed in our laboratory with 1 cc. of serum for each determination. 


DISCUSSION 


Barium was chosen as an eluting agent because of the theoretical advan- 
tages of an elutriant which has a high affinity for the cation column, as 
stated by Cannan (4). Such an eluting agent speeds the rate of movement 
of the cations down the column and keeps tailing of the elution curves at a 
minimum, thus favoring separation of the elution curves of the cations. 
In addition, no fixed cation need be added in the precipitation of the bar- 
ium. The acids that are then present can be easily converted to H20 on 
the anion resin column. 

An attempt was made to use Beukenkamp and Rieman’s (1) method of 
eluting with HCl. Good separation of the elution curves was obtained, 
and the adsorption of HC] on the NaCl when evaporated to dryness was of 
the same order of magnitude as Beukenkamp and Rieman observed. 
Nevertheless there was an 8 to 9 per cent error in our determination be- 
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cause of the small quantities of sodium contained in 1 cc. of serum. 
Also, the IR-112 is not stable in the 0.25 x HCl required for the elution. 
Because of these factors and the longer time required for the elution with 
HCl, the elution with BaCl, seemed more desirable. 

Beukenkamp and Rieman derived the following equations from the 
probability equation and the equation of Tompkins (5). 
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Fig. 5. Comparison of the theoretical and the actual elution curves. The the- 
oretical elution curve was calculated from the equations of Beukenkamp and Rie- 
man (1). The actual elution curves are at a flow rate of 2 cc. per minute. The 
similarity of the two curves indicates that elution is occurring at very close to equi- 
librium conditions. 





(1) Um = CV 
c+1 Um 2 
(9 = 2 ———— _ — 
" : ( c Vaz - =) 
c U — Um\* 
A = y) 2 oe 7 = ae oe 
(3) log M log Mm 0.217p (. + :) ( on ) 


where M = molarity alkali cation in any fraction eluate, U = the volume 
of eluate in cc., Mm = maximal value of M, Um = U when M = Mm, V 
= interstitial volume of column in cc., p = number of theoretical plates, 
C = distribution ratio, and Ua = U when M = Mm/e. The theoretical 
curves of Fig. 5 were calculated by Equation 3, where C is 3.08 and 6.15 
and p is 45.8 and 61.6 for Nat and K+ respectively. C and p were obtained 
by solving Eguations 1 and 2 from the data of Fig. 5. The close agreement 
between the actual and theoretical curves indicates the close approach to 
equilibrium conditions during the elution. Beukenkamp and Rieman com- 
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ment that p is not always constant from one ion to another in this theoreti. 
calequation. Fig. 3 shows the effect of flow rate on the Nat and K+ elution 
curves and clearly illustrates the importance of maintaining a flow rate 
never exceeding 2 cc. per minute. 

The fact that NH,* overlaps Nat on the elution curves illustrated jp 
Fig. 4 would indicate that it is better to store the serum in such a manner 
that bacteria cannot grow and produce ammonia. However, we demon- 
strated that ammonia present in quantities up to 15 m.eq. per liter in the 
serum may be quantitatively removed by boiling the 70 cc. effluent ob- 
tained in Step 4 for 10 minutes before the titration. It may be necessary 
to add water to avoid evaporation to dryness, and care must be taken to 
avoid loss from spattering. 

The overlapping of the magnesium and sodium curves at first appears 
to be a problem. However, the magnesium curve represents the elution 
curve for 1 cc. of a 75 m.eq. per liter solution of MgCle. Curves on larger 
and smaller amounts of magnesium were tried, but, when smaller amounts 
were used, the concentration of magnesium in the eluate was so low that 
the determinations were inaccurate. In general these data seemed to in- 
dicate that the curve shortened at both ends as the amount of magnesium 
wasreduced. Since the curve in Fig. 3 represents 25 times as much mag- 
nesium as is found in serum, we feel that this does not interfere for one of 
two reasons: (1) with the quantity of magnesium in serum the elution 
curve is narrower and does not begin until after the end of the sodium 
curve; or (2) even if not narrower, the overlap would represent only about 
8 per cent of the total magnesiuin present, and 8 per cent of the 3 m.eq. 
per liter of magnesium normally present in serum is only 0.24 m.eq. per 
liter, which would be 0.17 per cent error in a serum sodium determination 
if the true sodium concentration were 140 m.eq. per liter. 

An elution curve on a mixture of the cations was performed and was com- 
patible with the thesis that the presence of various cations did not change 
the individual elution curves. 

We have no explanation for the fact that acid solutions passing through 
the column of IRA-400 resin in hydroxide form produce a blank of about 
3 m.eq. per liter, whereas deionized water does not. It should be com- 
mented that the blank is much higher if commercial analytical grade 
IRA-400, which can be purchased in the hydroxide form, is used. At- 
tempts to reduce the blank of the analytical grade resin were not entirely 
successful and involved more work than was required to condition the tech- 
nical grade resin in our own laboratory. 

It seems reasonable that the difference in the blank when only acids are 
passed through the IRA-400 resin, and when a saturated solution of BaSO, 
in these acids is used, is due to the barium in solution. The solubility of 
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BaSO, at 30° is 2.85 X 10~ per 100 gm. of water, which is about 0.024 m.eq. 
per liter or 0.0012 m.eq. per 50 ce. of solution. Theoretically 0.12 cc. of 
0.01 xn HCl would be required, which, when calculated to milliequivalents 
per liter in our sodium method, represents 2.4 m.eq. per liter. When this 
amount is added to the average blank obtained on ten replicate determina- 
tions on the mixture of HCl and H.SO, (Table ITI), one obtains a theoreti- 
eal result for the saturated solution of 5.4 m.eq. per liter on Batch A of 
resin. The actual blank on Batch A of resin was found to be 4.6 m.eq. per 
liter, which is slightly below the theoretical. Since the pH and ionic 
strength of the aqueous solution and the particle size of the barium sulfate 
all affect the solubility of barium (6), these calculations cannot be inter- 
preted as proving this point, but they do show that the solubility of barium 
is of the right order of magnitude to explain the increase in the blank. 

The occlusion of the sodium on the BaSQ, at first seems excessive, since 
it is customary to precipitate barium and then purify the sulfate for analy- 
sis. We would point out that, although 6 per cent of the sodium is oc- 
cluded in this precipitation, it is only the order of magnitude of 0.2 mg. of 
sodium. The weight of the barium sulfate precipitated is over 900 mg., 
and hence this occlusion would be about 0.02 per cent error in a barium 
determination, whereas it is a major source of error in the sodium determin- 
ation. For this reason the effects of pH, temperature, concentration of 
barium, digestion, and rate of addition of the H2SO, were reevaluated in 
our laboratory in order to obtain optimal results. 

The factors causing variability in the blank produced when acid is passed 
through the IRA-400 resin column are probably due to slight variation in 
the conditioning process. However, since we have been unable to eluci- 
date the variations, we suggest that the blank for each batch of resin be 
determined individually. 

In this work we used the constant published by Butler and Tuthill for 
the conversion of the weight of the sodium urany] zinc acetate salt to milli- 
equivalents of sodium per liter. However, it should be pointed out that 
this constant is calculated on the basis of 6 molecules of water in the dried 
salt. Schoorl (7) points out that actually at zero relative humidity there 
isan average of 6.17 molecules of water per molecule of the triple salt. The 
error introduced by this difference is only +0.2 per cent, and we feel that in 
biological work it is justifiably disregarded. 


SUMMARY 


A new method for the determination of sodium in serum is described, 
which involves separation of the sodium from other cations by elution from 
a cation resin column with 0.05 m BaCl, solution, precipitation of the bar- 
ium, and conversion of the sodium chloride to sodium hydroxide on an 
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anion resin column. The sodium hydroxide is then titrated with 0.01 y 
HCl. The chief errors involved are a blank due to the anion resin and o&. 
clusion of the sodium in the precipitation of the barium as barium sulfate. 
If these procedures are carefully controlled, the errors may be evaluated 
and corrections made for them. The results on standard solutions and op 
the serum of twenty persons show average agreement within 1 per cent 
when compared with the results by the Butler-Tuthill determination. 
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PREPARATIVE ROTOR* 


By GEORGE H. HOGEBOOM anp EDWARD L. KUFF 


(From the National Cancer Institute, National Institutes of Health, Bethesda, 
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One of the most useful means of characterization of proteins and other 
substances of high molecular weight is the direct observation of their sedi- 
mentation behavior in the optical centrifuge. Refractive index patterns 
of sedimentation boundaries obtained by this technique have yielded im- 
portant data relating both to homogeneity and to molecular weight. Fre- 
quent difficulties have arisen, however, from a lack of analytical specifi- 
city, a rather low sensitivity, and a requirement for relatively pure prep- 
arations. It is evident, particularly in studies of enzymes, that a method 
capable of providing information concerning the sedimentation characteris- 
ties of a compound in a relatively crude state and in low concentration 
would be of value. As pointed out in a previous publication (2) similar 
data would also be useful in investigations of the biochemical homogeneity 
of complex cellular particles, as well as of certain enzyme systems (e.g., 
cytochrome oxidase) that have supposedly been obtained in soluble form 
(3), yet have been refractive to extensive purification. 

A definitive answer to such problems would be provided by centrifuga- 
tion under convection-free conditions and the subsequent construction of 
sedimentation diagrams based on specific analyses of numerous samples 
taken from successive levels of the fluid column. Although a number of 
ingenious techniques have been devised along this line (4-6), including the 
partition cell method of Tiselius et al. (7) and sampling procedures in which 
preparative rotors are employed (8, 9), a general method capable of yield- 
ing sedimentation boundaries comparable to those observed in the optical 
centrifuge is not available. Recently, however, an important advance has 
been made by Kahler and Lloyd (10) in studies of the sedimentation of 
polystyrene latex. These investigators have demonstrated that a horizon- 
tal, swinging tube rotor is far superior to the angle rotors usually available 
for sampling experiments and that a density gradient within the fluid 
column, previously recommended by Pickels (11), is essential for stabiliza- 
tion of the sedimentation boundary. 

The present investigation was made possible by the availability of a 


*A preliminary report of certain phases of this work has been published (1). 
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swinging bucket, preparative rotor’ that can be operated at centrifugal 
forces as high as 170,000 X g. Although all sources of convection haye 
not been eliminated, it has been possible, with this rotor and with a new 
technique of sampling, to demonstrate the formation by a variety of com. 
pounds of sharp and stable sedimentation boundaries. Sedimentation con- 
stants obtained by the sampling procedure, ranging between 4 and 2000 
Svedberg units (S) are in excellent agreement with values obtained with 
the optical centrifuge. The method is suitable for work with dilute solu. 
tions and, by means of a technique somewhat similar to that of Tiselius 
et al. (7), can be applied to monodisperse compounds of sedimentation con- 
stants as low as 2 8. 


EXPERIMENTAL 


Proteins and Other Substances Investigated—In order to establish a sound 
background to future investigations, it was desirable to study initially a 
group of stable, monodisperse compounds characterized by widely different 
rates of sedimentation. Table I summarizes the sedimentation behavior of 
the substances available for examination. Of these preparations, lysozyme, 
bovine serum albumin, and hemocyanin consisted largely or entirely of 
one component, whereas immune serum globulin, bovine fibrinogen, and 
yeast alcohol dehydrogenase were considerably less pure. Desoxyribose- 
nucleic acid (DNA) at concentrations greater than 0.1 per cent gave a 
single, hypersharp sedimentation boundary. The composition of the par- 
ticular preparation of rat liver catalase employed in the present investigation 
was not known, since the amount available was not sufficient for study in 
the optical centrifuge. Price and Greenfield (12) have found, however, 
that similar preparations, the data for which are presented in Table I, are 
essentially monodisperse. Also included in Table I are the sedimentation 
data for polystyrene latex, which consists of spherical particles of re- 
markably uniform size (mean diameter, 260 my (13)), having a density 
of 1.054 (14). 

Except for latex, the sedimentation constants (s20,. values) shown in 
Table I were determined from refractive index patterns obtained in the 
Spinco model E ultracentrifuge. The values were calculated and corrected 
to water and 20° according to the equations of Svedberg and Pedersen (15). 
The density and relative viscosity of all solvents employed were determined 
by standard techniques. 

The sedimentation boundary of latex, which was studied at mich too 
low a concentration to yield a refractive index pattern, was followed by 4 
light-scattering method, with Eastman No. 103-0 spectroscopic plates and 


! Rotor No. SW-39, designed by Dr. E. G. Pickels of the Specialized Instruments 
Corporation, Belmont, California. 
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monochromatic light at a wave-length of 4047 A (isolated by means of an 
interference filter). Urider these conditions, a sharp boundary was ob- 
served. The partial specific volume of latex was assumed to be equal to 


TABLE I 
Sedimentation Characteristics of Various Materials in Optical Ultracentrifuge 
Centrifugation was carried out in the type A analytical rotor of the Spinco model 
E ultracentrifuge at 20-24° and, unless otherwise noted, at 59,780 r.p.m. 











Components 
observed 
Preparation penne Solvent a 520.0 X 10% 
we | ree 
per cent M 
Lysozyme 1.0 0.145 NaCl 1 | 100 1.94 
Bovine serum albumin 1.74 3465 * 2 96 | 4.04 
4 Ca. | 5.5 
s - 0.87* | 0.145 ‘ 2 ? 4.16 
| ? Not fully re- 
solved 
Human immune serum 1.65 0.145 * | 3 74 6.17 
globulin | 22 8.8 
4 Ca. | 4 Ca. 
Bovine fibrinogen 1.02 | 0.1 sodium 3 | 64 | 6.28 
citrate 4 Ca. | 10 Ca. 

32 | Polydisperse, 
slowly  sedi- 
menting 

Yeast alcohol dehydrogen- (1.0 | 0.145 NaCl 2/| 68 | 7.20 
ase 32 Polydisperse, 
slowly _ sedi- 
menting 

Rat liver catalaset 1.0 0.1 KPO,, pH | 2} 98 10.9 

6.8 2 16 
Desoxyribose nucleic acid 0.02 | 0.145 NaCl 1 | 100 13.6 
Hemocyanin 0.85* | 0.145 NaCl- 2| 96 22.7 

0.025 KPOx,, 4 Ca. | 28 

pH 7.0 
Polystyrene latex 0.008f) 0.145 NaCl- 1 | 100 2270 


2% sucrose 
* Centrifuged at 39,460 r.p.m. 


t Data of Price and Greenfield (12). 
t Centrifuged at 6158 r.p.m. 


the reciprocal of its density, and the centrifugation was carried out suffi- 
ciently close to 20° to avoid the introduction of serious errors in the calcula- 
tion of the s2o,.. value. 
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For reasons that will be apparent later, the sample of DNA was examined 
at a concentration approaching the limit of resolving power of the refractive 
index method. A single, though small and rather blurred, peak was ob. 
served, and it is estimated that the sedimentation constant may be in error 
by as much as +0.58. The partial specific volume of DNA was assumed 
to be 0.55 (16). 

Whenever possible (Table I), the sedimentation constants of all com. 
ponents of inhomogeneous preparations were determined and the relative 
concentration of these impurities estimated by planimetry and correction 
to zero time (15).? 

The sources of the materials listed in Table I were as follows: lysozyme 
and highly polymerized DNA were obtained from the Worthington Bio. 
chemical Corporation, crystalline bovine serum albumin and bovine fibrino- 
gen were products of Armour and Company, highly purified rat liver cat. 
alase was kindly supplied by Dr. V. E. Price and Dr. R. E. Greenfield, 
human immune serum globulin by Dr. J. T. Tripp, and polystyrene latex 
(Dow 580, lot No. 3584) by Dr. H. Kahler. Hemocyanin was precipitated 
from the serum of Homarus americanus by acidification to pH 4.6 with 
acetate buffer, followed by slow dialysis against water (18). The product 
contained a prohibitive amount of the rapidly sedimenting impurity noted 
in Table I. Most of the latter material could be removed, however, by 
fractionation with ammonium sulfate, although at the expense of a large 
loss of hemocyanin. The preparation listed in Table I and studied in sub- 
sequent experiments was a precipitate obtained between 52 and 54 per 
cent saturation with ammonium sulfate. Crystalline alcohol dehydro- 
genase was prepared from yeast according to the method of Racker (19). 

Characteristics and Operation of SW-39 Rotor—The SW-39 rotor, designed 
to fit either the model E or the model L Spinco ultracentrifuge, consists of a 
duralumin head to which are attached, by means of removable pins, three 
duralumin buckets capable of holding cylindrical Lusteroid tubes 0.5 X 2 
inches. When the rotor is at rest, the buckets are in a vertical position 
and can be gently disengaged simply by removing the supporting pins. 
The dimensions of the rotor employed in the present experiments were 
measured directly. The distance from the axis of rotation to the bottom 
of the cavity in the buckets, with the latter fully extended in the horizontal 
position, was 9.853 cm., and the internal diameter of the buckets was 1.327 
em. The average thickness of the walls of the Lusteroid tubes was 0.029 
em. Since the tubes expanded during operation of the centrifuge at high 


? Harrington and Schachman (17) have recently analyzed the concentration anom- 
alies that may occur during the centrifugation of mixtures of proteins. These effeets 
lead to some doubt as to the accuracy of the relative concentrations reported in 


Table I. 
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speed to become molded to the cavity of the buckets, it was possible, from 
the known volume of the liquid column (4.00 ml. in all experiments), to 
arrive at a reasonably precise estimate of the distance from the axis of 
rotation to the meniscus. Allowing 0.01 cm. for stretching of the rotor* 
and 0.03 cm. calculated for radial shift of the meniscus as a result of hydro- 
static compression at 39,460 r.p.m., this distance was 6.48 cm.‘ Lusteroid 
tubes were carefully selected for uniformity in internal diameter and for a 
hemispherical shape at the base. 

In the operation of the centrifuge, the rotor was accelerated slowly to 
5000 r.p.m. and then rapidly to final speed. The method of deceleration 
was of critical importance, since it was found that simply allowing the rotor 
to coast from about 5000 r.p.m. to rest caused a prohibitive amount of 
convection in the fluid column. This difficulty was eliminated by turning 
the voltage control to the off position at the start of deceleration, permitting 
the rotor to coast to 5000 r.p.m., and then turning the voltage control on 
to the point where approximately 2 amperes of current were supplied to the 
drive motor. The latter procedure resulted in a very slow deceleration 
between 5000 r.p.m. and rest (time required, 15 to 20 minutes) and allowed 
the tubes to swing gradually from the horizontal to the vertical position. 
Since the time required for acceleration and deceleration was considerable, 
a plot was made of time versus rotational speed during these periods. In- 
tegration of the plot provided an estimate of the period at final speed that 
was equivalent in terms of centrifugal force to the time consumed in ac- 
celeration and deceleration. For 39,460 r.p.m., this value was 6.0 minutes. 

All centrifuge runs were made at, or a few degrees below, room tempera- 
ture. The temperature of the rotor was determined immediately before 
and after centrifugation and the average used to correct the sedimentation 
constants to 20°. During prolonged runs, temperature changes in excess 
of 1-1.5° were avoided by the use of the refrigeration system of the centri- 
fuge. 


Sampling Experiments 


Technique—Preliminary experiments with colored proteins (hemoglobin 
and hemocyanin) at a concentration of approximately 1 per cent demon- 
strated that the procedure of centrifugation described above resulted in the 
formation of sharp sedimentation boundaries that were remarkably stable 
to subsequent manipulation of the centrifuge tubes. Attempts to devise 

* Personal communication from Mr. M. C. Hanafin of the Specialized Instruments 
Corporation. 

‘The rotor was also operated at 29,500 and at 6158 r.p.m. At 29,500 r.p.m., the 
distance from the axis of rotation to the meniscus was 6.46 cm., and at 6158 r.p.m., 
when expansion of the tubes was not appreciable, it ranged between 6.13 and 6.29 
cm., depending on the internal diameter of the individual tubes. 
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a method of removing samples from the fluid column at successive levels 
with a minimum of convection led to the adoption of the following tech. 
nique. After centrifugation, the tube was placed in a cavity 1 cm. deep 
drilled in a block of Lucite (Fig. 1). The cavity was approximately 1 mm, 
larger in diameter than the tube and contained sufficient silicone stop-cock 
grease to support the tube in a vertical position and to provide a water. 
tight seal. A 25 gage hypodermic needle (bevel down) was then introduced 
through a small horizontal hole in the Lucite block, the tube was pierced 















































Fig. 1. Arrangement for the collection of samples from the centrifuge tube. 4, 
a diagram (one-half actual size) of the sampling device and centrifuge tube; the 
tube is seated in a Lucite block and is pierced near its base by a hypodermic needle 
Injection of a dense sucrose solution through the needle forces the fluid column 
upward into the sampling device. B, a section (actual size) through the point of 
juncture of the tube and sampling device, showing the conically shaped holes through 
which the fluid column rises. The number of holes in the base of the sampling de- 
vice (approximately 60) is greater than the diagram indicates. 


about 5 mm. above its base, and 50 per cent sucrose was injected at a flow 
rate of 0.09 ml. per minute. The use of a 50 ml. syringe fitted to a con- 
pensator® designed to move protein boundaries in the electrophoresis ap- 
paratus provided a convenient means of injecting the dense sucrose solution 
at a slow and constant rate. In order to collect fractions from the fluid 
column as it reached the top of the tube, a sampling device was constructed 
from Lucite as follows (Fig. 1): One end of a hollow cylinder (internal di- 
ameter, 11 mm.) was glued to a flat circular plate 1.6 mm. in thickness. 
The latter was perforated by numerous conically shaped holes, tapering 
from 1 mm. at the lower surface to 0.3 mm. at the upper surface or interior 


5 Klett Manufacturing Company, Inc., New York. 
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of the sampler. A beveled, circular groove was machined in the lower 
surface of the plate to fit the tops of the centrifuge tubes and was filled with 
silicone grease to provide a seal. The sampling device was lowered onto 
the centrifuge tube and held firmly in place by the use of a rack and pinion. 
Samples were removed at the desired time intervals (usually 3 minutes, 
yielding 0.27 ml. aliquots) by means of a silicone-coated bulb pipette and 
were transferred to tared test-tubes and weighed. The volume of each 
sample was calculated from the known density of the solvent, and the radial 
distance from the meniscus represented by each sample was determined 
from the dimensions of the bucket. The sedimenting material did not 
contribute sufficiently to the density of the samples to introduce significant 
errors in the calculations. 

The concentration of sedimenting material was determined by optical 
density measurements in the Beckman quartz spectrophotometer. In the 
ease of most proteins, the wave-length of maximal absorption in the ultra- 
violet (in the region of 280 mu) was employed. Determinations of catalase 
and DNA concentration were made at 406 and 257 mu, respectively. 
The concentration of polystyrene latex was measured turbidimetrically at 
500 mu. In the study of dilute solutions, the optical density determina- 
tions were made directly on the undiluted samples with the aid of quartz 
micro cuvettes (20).® 

Sedimentation diagrams were constructed by dividing the concentration 
of sedimenting material in each sample by the original concentration and 
plotting the resultant values (Cy of Figs. 2 and 4) against the distance 
from the meniscus to the mid-point of each sample. 

Sedimentation of Proteins in “Concentrated” Solutions—Fig. 2 shows 
typical sedimentation curves obtained for bovine serum albumin, bovine 
fibrinogen, and hemocyanin at protein concentrations of 0.7 to 1.1 per cent. 
Reasonably sharp sedimentation boundaries were observed in all runs. 
In the case of fibrinogen, there was relatively little slowly sedimenting 
material that absorbed light at 280 mu. This finding indicated that most 
of the impurities observed in the optical centrifuge (Table I) were probably 
not protein in nature. 

For monodisperse compounds, a calculation of sedimentation constants 
from data similar to those of Fig. 2 depends on a precise determination of 
the distance from the meniscus to the mid-point of the sedimentation 
boundary (15). If the preparation contains several components sediment- 
ing at different rates, however, the sampling data yield an asymmetric 
curve, and the mid-points of the boundaries formed by the individual com- 
ponents are not readily located on the sedimentation diagram. In the 
present investigation, the most satisfactory means of circumventing this 


* Obtained from the Pyrocell Manufacturing Company, New York. 
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difficulty was to plot the sampling data on a concentration increment 
versus distance basis, a procedure resulting in sedimentation patterns analo- 
gous to those obtained by the refractive index method in the optical centri- 
fuge. In practice, it was found that increment curves could not be con- 
veniently constructed directly from the analytical data, because the main 
portion of the sedimentation boundary was usually included in only a few 
samples (Fig. 2). Accordingly, the sampling curves of Fig. 2 were trans. 
lated into increment curves by determining through graphical interpolation 
the concentration increments occurring over successive 1 mm. intervals 





1.0 T l | l T 











ie) | l | | 
05 10 15 20 25 3.0 
RADIAL DISTANCE FROM MENISCUS (CM) 


Fig. 2. Sedimentation curves obtained in sampling experiments with ‘‘concen- 
trated’”’ protein solutions. O and @, bovine serum albumin, 7560 and 14,820 seconds, 


respectively; A, bovine fibrinogen; A, hemocyanin. For experimental details, see 
Table IT. 





Cre (FRACTION OF ORIGINAL CONCENTRATION) 


from the meniscus and plotting these values (AC, of Fig. 3) against the 
radial distance from the meniscus to the mid-point of each interval. As 
demonstrated in Fig. 3, this procedure permitted a reasonably precise de- 
termination of the distance from the meniscus to the inflection point of 
each curve of Fig. 2 (7.e., the point at which the concentration increment 
reached a maximum). The latter distance (Ar of Table IT) was used in 
the calculation by means of standard equations (15)’ of the sedimentation 
constant of the main component of each preparation. Table IT lists the 


7 The form of the equation used in calculating sedimentation constants from the 
concentration increment curves (Fig. 3) was s = Az/(zo + 0.5Az)w*t, where zo was 
the distance in ecm. from the axis of rotation to the meniscus, Az (Tables II and 
III) the radial distance in cm. from the meniscus to the inflection point of the sedi- 
mentation boundary, w the angular velocity in radians per second, and ¢ the time in 
seconds. Correction of s to 20° and water was made as described by Svedberg and 
Pedersen (15). 
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sedimentation constants obtained in the four experiments of Fig. 2, as well 
as in an additional experiment with immune serum globulin. In all in- 
stances, there was excellent agreement with the data obtained in the optical 
centrifuge (Table I). It may also be noted that the asymmetry of the 
curves of Fig. 3 was to be expected, in view of the sedimentation character- 
istics of the impurities in the preparations (Table I). The increment curve 
for fibrinogen indicates, in fact, that the component with a sedimentation 
constant of approximately 10 S was partially resolved from the main peak. 


25 T T 1 
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a j 
0.5 1.0 15 2.0 
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Fig. 3. Examples of concentration increment versus distance curves obtained from 
sampling data of Fig. 2. Solid line, bovine serum albumin, 14,820 seconds; dash line, 
bovine fibrinogen; dotted line, hemocyanin. For experimental details, see Table IT: 


Centrifugation of Dilute Solutions—An important requirement for the 
study both of enzymes and of macromolecular particles was that the tech- 
nique of centrifugation and sampling be suitable for work with dilute solu- 
tions. Preliminary experiments with bovine serum albumin at a concen- 
tration of approximately 0.1 per cent demonstrated, however, that the 
sedimentation boundary was not sufficiently stable to withstand the tend- 
ency toward convection set up during deceleration of the centrifuge. At- 
tempts to stabilize the solutions led to the finding that sharp sedimentation 
boundaries could be obtained when relatively slowly sedimenting proteins 
(80.0 = about 8 X 10~ or less) were centrifuged in the presence of 0.5 per 
cent dextran’ (molecular weight = 60,000 to 80,000; so, = about 3 


* Obtained through the courtesy of Dr. H. E. Stavely of the Commercial Solvents 
Corporation, Terre Haute, Indiana. 
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IN HORIZONTAL ROTOR 
X 10%). Since disturbance of the boundaries formed by larger molecules 
(e.g., hemocyanin) was not prevented by the addition of dextran, it was 
necessary to resort to the use of a sucrose density gradient, a method pre. 
viously used by other investigators (10, 11) and found to be generally ef. 
fective in the present study. In order to avoid the occurrence of pro- 
nounced local changes in density and viscosity within the fluid column, 
it was desirable to use as small a gradient as possible. The following pro. 
cedure was employed: 2.00 ml. of the solution under study containing 2 per 
cent sucrose were layered over 2.00 ml. of the same solution containing 3 
per cent sucrose. The centrifuge tube was held at a 30° angle from the 


TaBLe II 
Determination of Sedimentation Constants from Sampling Experiments with 
‘“‘Concentrated’’ Preparations 
Centrifugation was carried out in the Spinco SW-39 rotor at 39,460 r.p.m. 
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$20, X 

P io 

: Concen- , a Average main 

Preparation aes Solvent Time | temper- | Ax* 

tration te seatal 

prepar- 

ation 
per cent M sec. . cm. Ge 

Bovine serum albumin... .| 0.87 | 0.145 NaCl 7,560) 23.75 0.3767; 4.13 
- . 6 6Eppat ean ie | CO 14,820) 22.70 (0.7387) 4.13 
Human immune serum 

globulin. .... 0.83 0.145 ‘* 11,180} 22.90 0.880 | 6.34 
Bovine fibrinogen. 1.06 | 0.1 sodium citrate |11,160) 22.80 0.7927 6.27 

Hemocyanin 0.68 | 0.145 NaCl-0.025 | 3,960 23.10 (1.1347 23.1 


KPO,, pH 7.0 


* Radial distance from meniscus to inflection point of sedimentation boundary. 
} Data obtained from experiments of Fig. 1. 


vertical and rotated to effect partial mixing of the two layers. (The actual 
amount of stirring necessary to produce a fairly uniform sucrose concentra- 
tion gradient had been previously established in tests with methylene blue 
added to the lower layer.) The solution was then centrifuged and sampled 
as described above. 

Fig. 4 shows typical sedimentation boundaries obtained with dilute solu- 
tions of albumin, catalase, and hemocyanin, as well as with a suspension 
of polystyrene latex particles. In all instances, the boundaries were com- 
parable to, although slightly broader than, those obtained with more con- 
centrated protein solutions (Fig. 2). The preparation of rat liver catalase, 
which was not studied in the analytical centrifuge, appeared to be mono- 
disperse on the basis of the absorption measurements at 406 my (Fig. 4). 
Simultaneous analyses at 276 my (not shown in Fig. 4) revealed the pres- 
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ence of approximately 10 per cent of a non-sedimenting impurity absorb- 
ing at this wave-length; otherwise, the two methods of analysis gave identi- 
eal results. Table III lists the sedimentation constants obtained in 
sampling experiments with dilute preparations. In addition to the experi- 
ments of Fig. 4, Table IIT includes the data from an experiment with DNA 
and from two supplementary runs of latex. All sedimentation constants 
were calculated from concentration increment curves similar to those of 
Fig. 3 and were corrected to 20° and water on the assumption that the 
sucrose concentration in the fluid column ranged linearly from 2 to 3 per 
cent. 
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RADIAL DISTANCE FROM MENISCUS (CM.) 
Fig. 4. Sedimentation curves obtained in sampling experiments with dilute solu- 
tions. O, bovine serum albumin; @, polystyrene latex; A, rat liver catalase; A, 
hemocyanin. For experimental details, see Table III. 


It may be noted that the s2o,,, value for albumin in dilute solution (Table 
III) was appreciably higher than those obtained with more concentrated 
preparations (Tables I and II). This finding was to be expected in view of 
the known increase in the rate of sedimentation of albumin on dilution (21). 
The sedimentation constants of the larger molecules, catalase and hemo- 
cyanin, did not change significantly. The values for latex were somewhat 
lower than expected but were still in reasonable agreement with the data 
obtained in the optical centrifuge (Table I). Because of the low speed and 
short time of centrifugation employed in the experiments with latex, the 
time required for acceleration was relatively prolonged; any delay in normal 
sedimentation resulting from convection during acceleration would thus 
lead to a low sedimentation constant. 

The sedimentation behavior of DNA (Table III) deserves special com- 








744 SEDIMENTATION IN HORIZONTAL ROTOR 


ment. In view of the marked increase in the sedimentation constant of 
DNA on dilution, it was desirable to work with similar concentrations jn 
the analytical centrifuge and in the sampling experiment and at the same 
time to study as dilute a solution as possible. In the experiment sum. 
marized in Table III, DNA gave a boundary at least as sharp as that of 


TaB.e II] 
Determination of Sedimentation Constants from Sampling Experiments with Dilute 
Preparations 
Centrifugation was carried out in the Spinco SW-39 rotor and, unless otherwise 
noted, at 39,460 r.p.m. 

















520,w X 
— Aver- 104 
. cen- ‘ é age (main 
Preparation rool Solvent* Time | tem- Axt com- 
ean per- ponent of 
| ature prepara- 
| } tion) 
- eal Qa —| = es 
= | M am | %. cm. 
Bovine serum albumin 0.087) 0.145 NaCl 14,760 23.550.745t) 4.47 
Rat liver catalase 0.051; 0.145 NaCl- 7,560 |24.050.960t 11.0 
0.025 KPO,, 
pH 7.0 
Desoxyribose nucleic acid 0.02 | 0.145 NaCl | 5,760 |23.250.861 | 12. 
Hemocyanin 0.091) 0.145 NaCl- 3,960 |20.45,0.960f) 22.7 
0.025 KPO,, 
pH 7.0 
Polystyrene latex.... ../0.008] 0.145 NaCl 2,030§/24 .05,0.816t|2040 
7 ~ 0.008) 0.145 <‘* 2 ,920§/22. 80/1 .276 2160 
- ” .. {0.008} 0.145 * 2,890§ 23 .30|1 .280 (2180 





* In addition to the inorganic salts noted, all solvents contained a concentration 
gradient of sucrose ranging from 2 per cent at the top of the fluid column to 3 per 
cent at the bottom of the fluid column. 

Tt See Table II. 

t Data obtained from experiments of Fig. 3. 

§ Centrifuged at 6158 r.p.m. 


hemocyanin. The sedimentation constant was somewhat lower and may 
have been more reliable than the value obtained by the refractive index 
method (Table I). The sampling data also indicated that the preparation 
contained 4.7 per cent of non-sedimenting material that absorbed light at 
257 my. In preliminary sampling experiments carried out at a lower con- 
centration of DNA (0.004 per cent), the preparation appeared to be mark- 
edly polydisperse. Further studies of the sedimentation of DNA in very 
dilute solutions will be reported later in more detail. 

In general, the sedimentation curves of Fig. 4 and the data of Table III 
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demonstrate that the technique employed was suitable for the study of 
dilute solutions of substances characterized by a wide range of sedimenta- 
tion rates. It is also of interest to note that the refractive index method 
was not sufficiently sensitive to permit a determination of sedimentation 
constants at the concentrations employed in most of the experiments of 
Table ITI. 

Experimental Evaluation of Sampling Technique—It was evident that 
the most reliable means of evaluation of the sampling technique would 
consist of a direct comparison of the sedimentation curves with refractive 
index patterns obtained under convection-free conditions in the sector- 
shaped cell of the analytical centrifuge. Accordingly, a solution of 0.87 
per cent bovine serum albumin in 0.145 m NaCl was centrifuged for 4 hours 
at 39,460 r.p.m. in the analytical rotor. In order to compensate for the 
60 to 80 minute period in the sampling experiments during which diffusion 
but no sedimentation occurred, the rotor was decelerated slowly to 5020 
rp.m. and run at this speed for an additional 60 minutes. A photograph 
was then taken of the refractive index pattern, and the latter was traced 
under an enlarger at a magnification of 10 diameters. The mid-point of 
the sedimentation boundary was found to be 0.710 cm. from the meniscus, 
as compared with 0.738 cm. for the comparable sampling experiment of 
Figs. 2 and 3. By means of planimetry, it was found that 93.6 per cent of 
the total area beneath the refractive index peak lay within a distance of 
3mm. from either side of the mid-point of the sedimentation boundary. 
The value for the comparable sampling experiment was 86.3 per cent. 

Although this finding indicated that some spreading of the sedimentation 
boundary occurred during the sampling procedure, it could be accounted 
for in part by an inherent bias in the method of handling the sampling data. 
Thus, in plotting the protein concentration against the radial distance from 
the meniscus, average values for each parameter were employed. Since 
the concentration increment at each extremity of the sedimentation bound- 
aries was not linear, the method of plotting resulted in an artificial dis- 
placement of these more strongly inflected portions of the curves away 
from the mid-point, with an apparent increase in the width of the boundary. 
Another factor having a similar effect was a slight overlapping of successive 
samples as a result of technical difficulties in effecting complete removal of 
the fluid from the sampling device. 

Additional experiments were carried out to test the resolving power of 
the method. When, for example, a mixture of equivalent amounts (in 
terms of light absorption at 280 mu) of bovine serum albumin and immune 
serum globulin was centrifuged for 4 hours at 39,460 r.p.m. and the fluid 
column sampled, a clear separation of the main components of the two 
preparations was demonstrated. 
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Relation between Sedimentation Velocity and Rate of Decline in Protein 
Concentration 


It can be seen from the curves of Figs. 2 and 4 that in most of the samp- 
ling experiments the concentration of sedimenting material tended to reach 
a plateau distal to the boundary. This finding suggested that the follow- 
ing relatively simple method, similar to that employed with the partition 
cell of Tiselius et al. (7), could be used in determining sedimentation cop- 
stants with the SW-39 rotor. After centrifugation, the tube was sectioned 
near the mid-point of the fluid column by means of a pointed knife edge in 
the apparatus of Randolph and Ryan (22). The volume of the fluid aboye 
the plane of section was measured and the concentration of sedimenting 
material in this sample determined. 

An expression permitting an estimation of the sedimentation constant 
on the basis of the amount of material remaining above the plane of section 
was provided by the following simplified approach. 

After centrifugation for time ¢, a sharp sedimentation boundary at dis- 
tance ae°' from the axis of rotation is considered to separate a protein- 
free supernatant fluid from a region of uniform protein concentration (15), 
In such a case, for a cylindrically shaped tube, 


Q: = cerr*(x; — xe****) (1) 


where Q, is the total quantity of protein remaining above the plane of 
section of the tube, c, the protein concentration below the sedimentation 
boundary, r the radius of the tube in centimeters, x» and x; the distances 
in centimeters from the axis of rotation to the meniscus and plane of sec- 
tion, respectively, w the angular velocity in radians per second, s the sedi- 
mentation constant, and ¢ the time in seconds. If it is assumed that 
particles coming in contact with or concentrating near the side walls of the 
tube continue to sediment at the same rate as those in the main body of 
the solution, it may be shown that 


Ce = cee! (2) 


where ¢o represents the original protein concentration. Combining Equa- 
tions 1 and 2 and solving for s, one obtains 


— 2.303 
s= ote ( Q: + =) (3) 








wt Comr?x; X 


In practice, the contents of the tube above x; were mixed during collee- 
tion, and the over-all protein concentration was determined and expressed 
as a fraction, ¢,, of ¢. Since Q:/co = cyrr?(x; — xo), Equation 3 may be 
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modified to give 





- = + 71-4) (4) 
s = ry Og10 | Cr x Cr 


Table IV shows the sedimentation constants obtained by means of 
Equation 4 from the tube sectioning data. In general, the values were in 
fairly good agreement with those determined by the refractive index method 
in the optical centrifuge (Table I) and indicated that side wall interference 
in the cylindrical tubes exerted only a slight effect on the rate of sedimenta- 
tion.? As in the sampling experiments, the use of a sucrose concentration 
gradient made it possible to study dilute solutions. Crystalline yeast al- 
cohol dehydrogenase, which was centrifuged in extreme dilution (in the 
presence of 0.05 per cent bovine serum albumin to prevent surface de- 
naturation (19)), gave a sedimentation constant somewhat higher than 
that of the main component observed in the optical centrifuge (Table I), 
but this difference may have been a reflection of an increase in sedimenta- 
tion constant with dilution. Theorell and Bonnichsen (23) have reported 
a 899,» Value of 7.61 S for yeast alcohol dehydrogenase but do not in- 
dicate whether their figure represents an extrapolation to infinite dilution. 

It should be pointed out that the tube sectioning method is suitable for 
the determination of sedimentation constants only of monodisperse com- 
pounds and, in this respect, is not capable of yielding the amount of in- 
formation obtainable in sampling experiments. In the case of immune 
srum globulin, for example, the s0,,, value of Table IV was much higher 
than that of the main component of the preparation (Table I). In view of 
the composition of immune globulin (Table I) and of the fact that the tube 
sectioning data necessarily give an average sedimentation constant for poly- 
disperse preparations, a high value was to be expected. In practice, never- 
theless, certain advantages do accrue from the use of the procedure. Thus 
its relative simplicity renders it useful as a preliminary test of the time and 
centrifugal force necessary for a successful sampling experiment. Further- 
more, in studies of suspensions of biochemically complex cellular particles, 
the method can provide a definitive answer to the important question as 
to whether different biochemical properties are associated with particles of 


* Another equation was derived for the authors by Dr. H. Kahler, on the assump- 
tion that particles coming in contact with the side walls were cleared immediately 
from the fluid column, yielding a progressive dilution analogous to that occurring in 
asector-shaped cell. Values of s20,~ calculated from this equation were from 5 to 14 
per cent lower (depending on the magnitude of c, in any particular experiment) than 
those obtained with Equation 4 (Table IV) and were always lower than those calcu- 
lated from refractive index patterns (Table I). 
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the same sedimentation rate. The tube sectioning method would also pro- 
vide the sedimentation constants of enzymes that exist in crude prepara. 


TaBLe IV 
Determination of Sedimentation Constants from Tube Sectioning Experiments 
Centrifugation was carried out in the Spinco SW-39 rotor and, unless otherwise 
noted, at 39,460 r.p.m. 


Preparation oe Solvent Time tempers Volume* crt “sn 
per cent | M sec. <. | ml. a 
Lysozyme 1.0 0.145 NaCl 7,560 | 21.35 | 1.90 | 0.864 2.01 
‘ea i288 * 15,120 | 21.90 | 1.90 | 0.730 | 1.88 
Bovine serum 0.87 | 0.145 “ 7,560 | 22.90 | 1.90 | 0.702 4. 
albumin 0.87 | 0.145 “ | 14,760 | 22.80 | 1.90 | 0.440 4.35 
11.74 | 0.145 “ | 7,560 | 24.05 | 2.00 | 0.717 4.14 
Human immune 1.65 | 0.145 ‘“ 3,960 | 23.25 | 1.90 | 0.741 | 7.10 
serum globu- 1.65 | 0.145 “ 4,020 | 23.35 | 1.90 | 0.736 | 7.10 
lin 1.65 | 0.145 “ | 7,560 | 20.95 | 1.80 | 0.520 | 7.m 
Hemocyanin 0.68 | 0.145 NaCl- 3,840f | 23.55 1.87 | 0.533 23.9 
0.025 KPO,, 
pH 7.0 
Bovine serum 0.087 | 0.145 NaCl§ 14,760 | 23.55 | 1.89 | 0.432 4.63 
albumin 
Yeast alcohol 0.0005) 0.145 NaCl- 7,560 | 23.55 | 1.92 | 0.524] 7.60 
dehydrogenase 0.01 KPQ,, 


pH 7.0, 0.05% | 


bovine albu- | 


min§ | 
Rat liver cata- (0.052 | 0.145 NaCl- 5,760 23.90 | 1.93 | 0.427 12.1 
lase | 0.025 KPO,, 
| pH 7.0§ | 
Hemocyanin 0.091 | 0.145 NaCl-0.025| 3,960 | 20.45 | 1.91 | 0.326 22.4 
KPO,, pH 7.0§ 
Polystyrene 0.008 | 0.145 NaCl§ 2,0209 | 22.80 | 1.98 | 0.358 |2180 
latex | 


* Volume of fluid column above plane of section. 

t See Equation 4. 

t Centrifuged at 29,500 r.p.m. 

§ The fluid column also contained a sucrose concentration gradient ranging be- 
tween 2 and 3 per cent. 

|| The concentration of aleohol dehydrogenase was determined enzymatically 
according to the method of Racker (19), except that the final reaction mixture con- 
tained 1 X 10-* m diphosphopyridine nucleotide and 1.0 m ethanol 

§ Centrifuged at 6158 r.p.m. 


tions as single molecular species. Finally, the results obtained with lysoe- 
zyme (Table IV) demonstrate that the procedure is suitable for the study o 
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proteins of relatively low molecular weight. At the centrifugal force at- 
tainable with the SW-39 rotor, compounds of this type cannot be moved 
far enough from the meniscus within a reasonable period of time to permit 
accurate sampling experiments. 


DISCUSSION 


Several remarks concerning the techniques developed are in order. It 
would be desirable, particularly in the study of paucidisperse mixtures, to 
obtain a greater number of samples from the fluid column. Although this 
was not felt to be justified in the present experiments, because of slight but 
unavoidable overlapping of successive fractions, it may be accomplished in 
the future through redesign of the sampling device and appropriate changes 
in the method of collection of samples.” That all other steps in the pro- 
cedure warranted the collection of more samples was, in fact, indicated by 
visual observation of the sharp boundaries formed by colored proteins. 

Another source of error stemmed from the fact that the centrifuge tubes 
were not made with precision. Although each tube was selected as care- 
fully as possible, some variation in shape and thickness at the base was 
noted. This, of course, led to uncertainty as to the exact distance between 
the axis of rotation and the meniscus and, in turn, to some doubt as to the 
justification in presenting the s29,,.. values of Tables II to IV in more than 
two significant figures. For reasons unknown to the authors, one batch of 
tubes often either became badly distorted or collapsed during prolonged 
runs at 39,460 r.p.m., and it was therefore necessary to centrifuge the 
material under study in duplicate tubes. In subsequent experiments, it 
was found that the use of a 4.5 to 5.0 rather than a 4 ml. liquid column 
diminated tube distortion and breakage. It would be desirable, in fact, 
to dispense entirely with the Lusteroid tubes and remove samples directly 
from the buckets. Possible means of accomplishing this improvement in 
technique are under consideration. 

In the work with dilute solutions, the method of producing a sucrose 
concentration gradient was not entirely satisfactory, since the uniformity 
and reproducibility of the gradients were open to question. In the experi- 
ment with DNA reported in Table ITI, for example, the sampling curve 
showed concentration increments indicating the presence in small amounts 
of two rapidly sedimenting components (s29,,. = about 20 and 27 X 107). 
Although similar findings were not encountered in the other experiments 
of Table IIT, the possibility, nevertheless, exists that these small concentra- 
tion increments were artifacts resulting from irregularities in density and 


One approach to this problem is a gradual compression of the fluid column to 
capillary dimensions (by means of the injection technique described in the text), so 
that a continuous flow type of sampling can be achieved. In our hands, such proce- 
dures have caused a prohibitive amount of convection. 
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viscosity within the sucrose gradient. A method is presently being devised 
for the reproducible production of uniform concentration gradients. 

Despite the fact that refinement in technique is in order, the present jp. 
vestigation demonstrates that the sedimentation behavior both of soluble 
proteins and of much larger macromolecular particles can be studied with 
a reasonable degree of precision in a horizontal, preparative type centrifuge, 
Furthermore, it seems likely that the method can provide information not 
obtainable with the standard optical centrifuge. 


The authors are indebted to Dr. H. Kahler and Dr. E. G. Pickels for 
many helpful suggestions. 


SUMMARY 


A technique has been devised to permit the use of specific analytical 
methods in studies of the sedimentation behavior of proteins and other 
compounds of high molecular weight. Centrifugation has been carried out 
in a swinging bucket type of horizontal rotor that can be operated at high 
centrifugal forces, and the fluid column has been sampled at successive 
levels under conditions causing a minimum of convection. Sedimentation 


diagrams constructed from analyses of the samples have provided informa. | 
tion relating to homogeneity and have permitted a reasonably precise cal- | 


culation of sedimentation constants over a range of 4 to 2000 Svedberg 
units. The use of a small concentration gradient of sucrose within the 
fluid column has made it possible to adapt the method to the study of 
dilute solutions. By means of a relatively simple modification of the tecb- 
nique, involving the analysis of a single sample, sedimentation constants as 
low as 2 S can be estimated. The latter procedure is suitable only for 
monodisperse compounds. 
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THE EFFECT OF ACETATE, PYRUVATE, AND GLUCOSE 
ON ALCOHOL METABOLISM* 


By J. J. VITALE, D. MARK HEGSTED, HELEN McGRATH, 
E. GRABLE, anp N. ZAMCHECK 


(From the Department of Nutrition, Harvard School of Public Health, the Department 
of Biological Chemistry, Harvard Medical School, the Mallory Institute of Pathology, 
Boston City Hospital, and the Long Island Hospital, Boston, Massachusetts) 


(Received for publication, April 8, 1954) 


Although many investigators have studied the effects of pyruvate and 
glucose on alcohol metabolism, there is still disagreement as to what effect 
they have on the rate of alcohol oxidation. Jacobsen (1) discussed the 
various reports in which the results vary from no effect of pyruvate, in- 
hibition by pyruvate or glucose, or an actual increase in the rate of alcohol 
oxidation by pyruvate or glucose. 

Bartlett and Barnet (2), using radioactive ethanol, concluded that al- 
cohol metabolism was markedly inhibited by pyruvate. Only one animal 
was used, however, and only one level of alcohol studied. A more extensive 
study by the tracer technique has therefore been done with both acetate 
and pyruvate. Acetate was used since its oxidation involves the same 
metabolic pathways as pyruvate through the tricarboxylic acid cycle. 
Thiamine-deficient animals were included, since pyruvate oxidation should 
be partially blocked under these conditions. The effect of glucose on blood 
alcohol disappearance in human beings was also studied. 


EXPERIMENTAL 


Rat Studies—Young adult female rats from the Charles River Breeding 
Laboratories, Inc., weighing approximately 200 gm. were used. The con- 
trol rats were fed Purina lab chow ad libitum. Other rats were maintained 
on a thiamine-free diet until they had lost approximately 25 per cent of 
their body weight. At that time they were fed the basal diet (Table I) 
ad libitum twice a week in order to keep them alive and chronically defi- 
cient. 

The rats were given various amounts of 20 per cent ethanol-1-C™ intra- 
peritoneally. 2 hours after the alcohol had been administered, the sodium 
pyruvate or acetate was administered intraperitoneally at a level of 20 
ma per kilo of body weight. In the experiments with thiamine-deficient 

* This work was supported in part by grants-in-aid from the Clayton Foundation, 


Pasadena, California, the Lilly Research Laboratories, Indianapolis, and the Na- 
tional Vitamin Foundation, Inc., New York. 
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animals 2 gm. of alcohol per kilo of body weight were given with and with. 
out pyruvate. The effect of acetate and pyruvate on alcohol metabolisy 
was also studied in a small group of control animals which had received 
daily subcutaneous injections of 20 mg. of niacin per kilo of body weight 
for 5 days prior to the study. 

When acetate or pyruvate was given, the animals were quickly removed 
from the respirometer, injected with the appropriate metabolite, and im. 
mediately put back into their chambers. 

Expired CO, was collected and radioactivity determined as previously 
reported (4). 


TABLE [ 
Basal Diet 





Constituents 

per cent 
rr as Sita eR dian 20.0 
SS SS ea ee Cy See ey ee oe 70.7 
ESS sy ere oe ees Me Fateas celina 4.0 
OS | ae 4.0 
Cod liver oil.... ive Beek Sao AeA IN BLAS: 1.0 
Choline chloride. . . lek. SA Se eee eee se 0.3 

mg. per 100 gm. diet 

Thiamine chloride............ aes ee ee 0.4 
Riboflavin . neo ot Pia dacnetaceeiny 0.8 
Calcium pantothenate... Se eee re 2.5 
Pyridoxine hydrochloride.... eter oe 0.4 
Niacin. pte ate ee orruard ao eee 4.0 





Human Studies—The human subjects used in these studies were patients 
at the Long Island Hospital, Boston, Massachusetts. Most of these pa- 
tients were chronic alcoholics. They were given whisky orally to provide 
0.5 or 1 gm. of alcohol per kilo of body weight. Blood samples for alcohol 
determinations were taken every hour for approximately 5 hours. Ona 
second occasion these same subjects were given the same dose of alcohol 
and 100 gm. of sucrose were fed 2 hours after they had been given the aleo- 
hol. In these experiments determinations of both blood alcohol and blood 
sugar were made. 

Alcohol was determined by the method of Gibson and Blotner (5) with 
slight modifications. The alcohol was distilled directly from whole blood 
into the potassium dichromate solution. A Beckman DU spectrophotonm- 
eter was used instead of a colorimeter. Blood glucose was determined 
by the method of Somogyi (6). 
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Results 


The effect of pyruvate or acetate administration upon the amount of 
alcohol oxidized at different dosage levels is shown in Table II. As has 
been previously reported (4), alcohol oxidation is maximal between 2 and 
95 gm. of alcohol per kilo of body weight and gradually decreases at higher 
levels. At a dose of 2.0 to 2.5 gm. of alcohol approximately 80 per cent of 


TaBLeE II 
Effect of Acetate and Pyruvate on Alcohol Metabolism 





Pyruvate (P.) | No. of 





| | 
Alcohol dose or acetate (A.)| rats | Alcohol metabolized in 7 hrs. | Difference 
in perkg.| ma per kg. ma per kg. per cent of dose mM per kg. mM per kg. 
2.0-2.5 | 43.4-54.3 0 1 | 80.741.1* | 39.4 | 
20 (P.) 17 | 54.3243.1 | 25.4 | 14 
|} 20 (A.) 4 53.5 + 2.8 | @.1 | MM. 
3.0 65.2 | 0 | 6 64.5405 | 42.1 
| 20 (P.) 2 | 44.3, 33.2 |} 25.2 | 16.9 
4.0 | 86.8 | 0 2 45.4, 47.0 | 40.1 
| 20(P.) | 2 29.4, 29.1 | 25.3 | 14.8 
| 14.1 








20 (A.) | 1 | 30.0 | 26.0 





* Standard error of the mean. 


TasB_eE III 
Effect of Pyruvate on Alcohol Metabolism in Chronic Thiamine Deficiency 
Two rats used in each experiment. 


Alcohol dose Pyruvate Alcohol metabolized in 7 hrs. 








| Difference 
oo "7 oar kg. mM per kg. : per out Gi dese | ‘car ger be. mM per kg. 
2.0 43.4 0 82.3, 80.7 34.5 
20 67.6, 62.0 28.1 6.4 





the activity in the alcohol was recovered in the expired CO: over the 7 
hour period from control animals. The administration of pyruvate or ace- 
tate decreased the recovery of C™ in the expired CO, to approximately 54 
percent. When the results are expressed in terms of millimoles of alcohol 
metabolized per kilo of body weight, the difference between the control 
animals and those which received either acetate or pyruvate is approxi- 
mately 14 ma, which is equivalent to 70 per cent of the acetate or pyruvate 
given. 

As might be expected, in the thiamine-deficient rats in which the oxida- 
tion of pyruvate is limited, the effect of pyruvate was less marked (Table 
Ill). Aleohol oxidation remained essentially normal, approximately 35 
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mo per kilo of body weight over the 7 hour period, but the decrease afte 
pyruvate administration was only 6.4 mm compared to 14 mm in the eon. 
trol animals under comparable conditions. 

That the effect of pyruvate was not simply to suppress C“O» excretion 
but in fact to inhibit the disappearance of blood alcohol is seen in Table 
IV. Rats were given 2.5 gm. of alcohol per kilo of body weight intra. 
peritoneally and 1 hour later blood was taken from the jugular vein for 
alcohol determinations. At this time half the animals were given 20 mw of 


TaBLe IV 
Effect of Pyruvate on Blood Alcohol Disappearance 
Eight animals used in each experiment. 


Decrease in blood alcohol con- 








Alcohol dose Pyruvate centeathen tines | cad % bee. Disappearance 
gm. per kg. } ma per kg. mg. per cent mg. per cent : 
2.5 0 59.6 + 8.5 
20 31.0 + 2.7 28 .6* 


* Statistically significant (P < 0.05). 


TABLE V 
Effect of Pyruvate and Acetate on Alcohol Metabolism in Niacin*-Treated Rats 
Alcohol dose oi sre Ge) No. of rats Alcohol metabolized in 6 hrs. Difference 
on. de kg. oun per kg. mn per kg. per cent of dees me perkg. | mM ber ht. 
2.0 | 48.4 0 5 74.0 + 1.6 32.5 
20 (P.) 4 71.8 + 1.7 31.2 1.3 
20 (A.) | 2 71.9, 65.4 29.8 2.7 


| 





* Animals injected daily with 20 mg. of niacinamide per kilo of body weight for 
5 days. 





pyruvate (Na salt) intraperitoneally. 1 hour later blood was again drawn 
from the jugular vein from both groups of animals. The fall in blood al- 
cohol concentration was approximately 59 mg. per cent in those animals 
which did not receive pyruvate, whereas in the animals which received the 
pyruvate it was 30 mg. per cent. 

Table V shows the results with niacin-treated rats. The inhibitory 
effect of acetate or pyruvate demonstrated in control animals was not ob- 
served after niacin treatment. 

Fig. 1 illustrates the effect of orally administered sucrose on the disap- 
pearance of blood alcohol from four human subjects. In each case whet 
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the levels of blood glucose rise, there is a marked decrease in the rate of 
alcohol disappearance, and, when the levels of blood sugar begin to fall, 
there is an increase in the rate of blood alcohol disappearance. 
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Fig. 1. The effect of sucrose administration on blood glucose and alcohol dis- 
appearance. Subjects F, G, and C were given whisky to provide 1 gm. of alcohol 
per kilo of body weight, while Subject M was given enough to provide 1.5 gm. per kilo. 
100 gm. of sucrose were given to all subjects at 2 hours. 


All subjects studied showed mild clinical effects of alcohol intoxication. 
Their mood became elevated; they talked freely and exchanged jokes. 
Shortly after sucrose ingestion, however, there was a striking change. The 
patients became quiet; all appeared drowsy and some dozed. A number 
of them complained of “sick stomach” and nausea. One patient who vom- 
ited was excluded from the study. Patients given alcohol without sugar 
had no manifestations of the latter signs and symptoms. 





758 ALCOHOL METABOLISM 


DISCUSSION 


In so far as is now known alcohol is oxidized. by alcohol dehydrogenase 
to acetaldehyde and DPN (diphosphopyridine nucleotide) is a necessary 
coenzyme for this reaction. The acetaldehyde is rapidly oxidized, presum- 
ably to acetate, and this is further oxidized by entry into the tricarboxylie 
acid cycle. Pyruvate, acetate, and alcohol thus enter the common cycle 
at this stage and are probably indistinguishable metabolically. When 
the inhibition of CO, production from radioaleohol by pyruvate and ace- 
tate was first observed, we believed that this might be explained by a dilu- 
tion effect at the acetate stage. Further studies showed, however, that 
alcohol oxidation was delayed at the first step, alcohol — acetaldehyde, 
since there was a reduced rate of alcohol disappearance from the blood 
(Table IV, Fig. 1). This effect could not be explained by dilution at the 
acetate level. It also seemed unlikely that there would be a shift in the 
equilibrium, acetate <> acetaldehyde <= alcohol, toward the alcohol, since 
this would presumably require the accumulation of high levels of acetalde- 
hyde. 

We suggest that the effect of pyruvate, acetate, and glucose represents 
a competition for DPN, since this coenzyme is also required for oxidation 
in the tricarboxylic acid cycle. When excess acetate is provided, the avail- 
able DPN is preferentially reduced by the steps in the cycle which require 
it and relatively less is available for reduction by alcohol with alcohol de- 
hydrogenase. 

The results obtained after the administration of excess niacin support 
this conclusion. Although studies on the DPN and TPN (triphosphopyr- 
dine nucleotide) levels in tissues after the administration of high levels of 
niacin are not yet available, it is possible that an increase in the synthesis 
of the coenzymes was obtained. No significant inhibition of alcohol oxida- 
tion by pyruvate or acetate was observed in these animals. The results 
obtained with the thiamine-deficient animals also support this conclusion. 
Alcohol oxidation was normal in these animals and pyruvate had a smaller 
effect. Thus pyruvate per se does not inhibit alcohol oxidation directly. 

It will be recalled that a requirement for niacin by the rat cannot be den- 
onstrated by growth studies unless the level of tryptophan in the diet is 
very low. Under most conditions niacin may be considered as unessential 
for the rat consuming a diet containing 20 per cent of casein. Yet the diet 
used in these studies containing 40 mg. of niacin per kilo is apparently 
limiting in niacin under the conditions imposed by large loads of acetate or 
pyruvate and alcohol. The studies thus emphasize the necessity of atten- 
tion to the diet in all types of metabolic studies. They also emphasiz 
the ambiguity of nutritional requirements unless one defines the require 
ment to be met. 








In} 
datior 
tratio 
is alsc 
datiot 

The 
the it 
inhibi 
petiti 
in the 
availa 

Lin 
subjec 





nase 
sary 
sum- 
xylic 
sycle 
Vhen 

ace- 
dilu- 
that 
yde, 
lood 
t the 
n the 
since 
alde- 


sents 
ation 
avail- 
quire 
ol de- 


pport 
opyri- 
els of 
thesis 
oxida- 
esults 
usion. 
maller 
etly. 

» dem- 
diet is 
sential 
re diet 
rently 
tate or 
atten- 
yhasize 
quire: 





VITALE, HEGSTED, MCGRATH, GRABLE, AND ZAMCHECK 759 


SUMMARY 


In normal rats the administration of pyruvate or acetate inhibits the oxi- 
dation of aleohol as measured by the excretion of C“Os after the adminis- 
tration of ethanol-1-C'*. Since the disappearance of alcohol from the blood 
is also delayed, the inhibition is apparently at the first stage of alcohol oxi- 
dation to acetaldehyde. 

The administration of large amounts of niacin prior to study prevents 
the inhibitory effect of pyruvate. In thiamine deficiency the pyruvate 
inhibition is decreased. It is suggested that the inhibition is due to com- 
petition for the coenzyme DPN, this coenzyme being preferentially reduced 
in the tricarboxylic acid cycle rather than by alcohol oxidation when it is 
available in limited amounts. 

Limited studies upon alcohol disappearance from the blood of human 
subjects suggest a similar effect. 
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FATE OF DEUTERO-LABELED CARBAMYL GLUTAMATE 
IN CITRULLINE BIOSYNTHESIS* 


By SANTIAGO GRISOLIA,{f R. H. BURRIS, anv P. P. COHEN 


(From the Departments of Physiological Chemistry and Biochemistry, University 
of Wisconsin, Madison, Wisconsin) 


(Received for publication, May 13, 1954) 


We have shown previously that the active intermediate formed from 
carbamy! glutamate in the biosynthesis of citrulline is extremely unstable 
(1). The lability of this compound has made characterization difficult, 
and thus limits the application of classical methods of identification such 
as degradation and formation of derivatives. Degradation procedures 
have in general yielded the starting components of Compound X,}! viz. 
carbamyl glutamate, NH;, COs, and inorganic phosphate. The formation 
of suitable derivatives has been relatively unsuccessful to date and has 
yielded information of limited value. It thus appeared necessary to intro- 
duce other methods for the characterization of Compound X. The use of 
carbamylglutamic acid labeled selectively with deuterium (3) is reported 
in this paper. This technique has provided valuable information in that 
it has been possible to show that the hydrogen atoms of the carbon chain of 
the glutamy] portion of carbamy] glutamate are not involved in the reaction 
leading to the formation of the active intermediate in the biosynthesis of 
citrulline. 

The findings described in this paper narrow considerably the possible 
structures of Compound X. 


Methods and Procedures 


All analytical methods, enzyme preparations, and substrates used in the 
present work have been described in preceding papers (1, 3-5). 

All experiments were conducted by incubating 0.3 mm of the properly 
labeled CG for 1 hour at 38° in a volume of 300 ml. with the following com- 


* Aided by grants from the United States Public Health Service, the Rockefeller 
Foundation, the Wisconsin Heart Association, and the Research Committee of the 
Graduate School with funds provided by the Wisconsin Alumni Research Foundation. 

t Established Investigator of the American Heart Association during the com- 
pletion of this work. Present address, University of Kansas Medical Center, Kan- 
sas City 3, Kansas. 

' The following abbreviations are used in this paper: carbamy] L-glutamate, CG; 
acetyl t-glutamate, AG; adenosinetriphosphate, ATP; 3-phospho-p-glycerate, 
PGA; rat liver alcohol Fraction B, as described by Grisolia and Cohen (1), LE; 
rabbit muscle ammonium sulfate fraction as described by Ratner and Pappas (2), 
ME; active intermediate in citrulline synthesis formed from CG (1), Compound X. 
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ponents, expressed in mm: ATP, 0.6; PGA, 5.0; MgSO,, 2.5; NaHCOs,, 40: 
NH.Cl, 3.0; Tris(hydroxymethyl)aminomethane buffer, pH 7.3, 2.0. In 
addition, 2 gm. of LE (1) and 200 mg. of ME were added to the incubation 
mixture. At the end of the incubation a 3 ml. aliquot was taken for analy. 
sis of Compound X (1). In all cases theoretical conversion (or over 95 per 
cent) of CG to Compound X was obtained. The rest of the incubation 
mixture was then deproteinized by the addition of 75 ml. of 0.5 m HCO, 
followed by centrifugation. The deproteinized solution was then allowed 
to stand overnight at room temperature to insure complete decomposition 
of the intermediate, as revealed by analysis of a 3 ml. aliquot. 

The solution was then conveniently diluted, to facilitate isolation, with 
about 15 times the theoretical amount of the labeled carbamyl glutamate 
present in solution, the pH adjusted to 8.0 with 2 n LiOH (about 15 ml), 
and then allowed to stand at room temperature for 2 hours. At this time 
an excess of barium acetate (about 50 ml. of 1 mM) was added and the pH 
adjusted to 9.0 with 2 n LiOH (about 5 ml.). The precipitate which 
formed was separated by centrifugation after standing 2 hours in the cold, 
The supernatant fluid was then treated with 2 volumes of ethanol, and the 
precipitate which formed after standing 2 hours in the cold was separated 
by centrifugation. This precipitate was dried overnight at room temper- 
ture in a desiccator over CaCl.. The dry powder was extracted three times 
with 7 ml. of water, and each time the insoluble material was removed by 
centrifugation. ‘The combined supernatant portions were freed of barium 
with K.SO, and the barium-free solution was concentrated to dryness ina 
vacuum. The dry material was taken up in 6.0 ml. of water, heated at 60° 
for 2 minutes, cooled in ice, and the undissolved material removed by cer- 
trifugation in the cold. The supernatant fluid was then brought to pH 32 
with concentrated HCl. The crystalline material was recrystallized twice 
from 3 ml. portions of water; m.p. of the crystalline material, 157-158°. 


RESULTS AND DISCUSSION 


The data presented in Table I show that there is no appreciable loss ¢ 
deuterium during the reaction leading to synthesis of Compound X. Un- 
der the conditions used, and because of the short half life of Compound X 
(1), the CG used must have reacted more than once in the formation o 
Compound X. All the CG used should have lost its deuterium during 
either the activation reaction to form Compound X or the subsequent hy- 
drolysis, if the deuterium atoms had taken part in the activation reaction. 
As indicated before, we found in all cases at the end of the incubation period 
theoretical or nearly theoretical (over 95 per cent) conversion of CG to 
Compound X. Since the isolated CG at the end of the incubation retained 
all the deuterium label, it must be concluded that the carbon-linked hy- 
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drogen atoms in CG are not involved in the activation reaction leading to 
synthesis of Compound X.? 


TaBLE I 
Study of Exchange of Selectively Labeled CG during Synthesis and 
Decomposition of Compound X 


| 
| 
Initial atoms per| Final atoms per 
cent excess cent excess 


Corrected final 


Experiment No.| Position of label Dilution factor | atoms per cent 








excess 
1 “ 9.9 | o67 | 140 | 9.40 
2 | B 9.45 | 0.69 | 14.0 | 9.70 
3 oo 14.0 | 0.7 +| 19.0 | 14.40 
4 | ¥ 7.7% | O81 | 15.4 | 7.85 





The isotopic experiments reported in this paper can be formulated as in 
the accompanying reactions. 


(1) COOH 
O 
| 
D—C—NH—C—NH: 
| Mgt+ 
D—C—D + NH, + CO; «~~ —_- DX + ADP 
enzyme 


D—C—D + ATP 





COOH 
(2) COOH 
0 
D—C—NH—C—NH; 
| + NH; + CO. + P 
DX — D—C—D 
. H.0 
D—C—D 
COOH 





?It is not possible to decide at the moment which is the ‘‘physiological”’ gluta- 
mate derivative for the reaction leading to synthesis of citrulline, in spite of the 
higher affinity of N-acetyl glutamate of the ability of other N-acyl glutamate de- 
tivatives to replace CG (5). However, this point is of lesser importance for the 
present discussion, since it is clear that the glutamate derivatives acting catalytically 
(5) in the reaction leading to citrulline synthesis behave essentially in the same way 
(8. Grisolia, unpublished experiments). Thus it appears likely that experiments 
similar to the ones described here with deuterium-labeled CG will yield similar re- 
sults with acetyl glutamate or any other N-acylglutamic acid derivative active in 
citrulline synthesis. 
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SUMMARY 


The enzymatic synthesis and decomposition of Compound X have beep 
studied with selectively labeled deuterocarbamyl] glutamate. Under the 
conditions used, there is no loss of D from the a, 8, or y positions. These 
findings exclude the participation of the hydrogen atoms of the carbon chain 
of carbamyl glutamate in the activation reaction leading to synthesis of 
Compound X. 
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EFFECT OF CERTAIN TRANSITION GROUP ELEMENTS ON 
HEPATIC SYNTHESIS OF CHOLESTEROL IN THE RAT* 


By GEORGE L. CURRANT 


(From the Research Laboratories, The Mary Imogene Bassett Hospital,t Cooperstown, 
New York) 


(Received for publication, February 3, 1954) 


The demonstration in vitro (1) that 0.0001 m concentrations of Mn+, 
in the presence of an optimal concentration of Mg**, cause an increased 
incorporation of C!-carboxyl-labeled acetate into cholesterol has led to an 
investigation of the effects of closely related elements on cholesterol syn- 
thesis. The data in this paper show that salts of the elements of atomic 
number 23 to 26 influence cholesterol synthesis. These elements, vana- 
dium, iron, chromium, and manganese, have an antithetic action on cho- 
lesterol synthesis, the first two decreasing the incorporation of labeled ace- 
tate into cholesterol and the latter two increasing it. 


EXPERIMENTAL 


Chemicals—The chemically pure salts employed as test substances were 
obtained commercially. Except for KReQ,, samples from at least two 
different sources were tested. Sodium acetate-1-C™ was obtained from 
the Nuclear Instrument and Chemical Corporation. 

Tissue Preparation—In the experiments in vitro liver cell clusters were 
prepared from the livers of young male rats and incubated in buffer contain- 
ing the requisite test substance for 1 hour; then sodium acetate-1-C™ was 
added, and the pots were incubated as described previously (2). In the 
experiments in vivo the test substance, dissolved in 0.5 ml. of isotonic saline, 
was injected intraperitoneally into two or three rats, while a like number of 
control rats received 0.5 ml. of saline. After 1 hour the animals were 
killed, the livers from each group were pooled, and liver cell clusters pre- 
pared and incubated with sodium acetate-1-C™ for 3 hours. All the rats 
received a stock diet of Purina laboratory chow. A phosphate buffer at 
pH 6.5 containing optimal concentrations of K+ and Mg* (1) was em- 
ployed as the incubation medium in all cases. 

* This investigation was supported in part by a grant from the American Heart 
Association and in part by a research grant from the National Heart Institute, Na- 
tional Institutes of Health, United States Public Health Service. 

} This work was done during the tenure of a fellowship as an Established Investi- 
gator of the American Heart Association. Present address, Department of Medi- 


cine, University of Kansas Medical Center, Kansas City 3, Kansas. 
} Affiliated with Columbia University. 
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Isolation Procedure and Isotope Analysis—Fatty acids, CO2 as BaCO, 
and cholesterol as the digitonide were isolated and analyzed for radioae. 
tivity as described previously (2). 


Results 


In the interpretation of the results an increase greater than 100 per cent 
or a decrease greater than 50 per cent in the radioactivity of cholesterol or 
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Fig. 1. The effect of certain transition metal salts on the incorporation of C™. 
carboxyl-labeled acetate into cholesterol and fatty acids by surviving rat liver, 
Each pot contained 3 to 4 gm. (wet weight) of liver cell clusters, 40 ml. of buffer, and 
5 mg. of CH;C'%OONa-3H:20 (0.3 mec. per mm). 0.0001 M concentrations of the 
following salts were employed: TiCl;, VOSO,-2H2O, MnCl.-4H20, FeCl:-4H,0, 
CoCl.-6H20, NiCl2-6H2O, CuCl2-2H2O, and ZnCl.-7H2O. Each bar represents the 
average of three to six experiments. The ranges of change in cholesterol radioac- 
tivity are as follows (in per cent): Ti +4 to +6, V —92 to —68, Cr +96 to +202, 
Mn +104 to +180, Fe —68 to —51, Co —46 to —20, Ni +13 to +17, Cu —8 to —121, 
Zn —11 to —25. Increase or decrease in radioactivity is calculated from 


(C.p.m. from test pot) — (c.p.m. from control pot) 
(C.p.m. from control pot) 





xX 100 


fatty acids isolated from cells incubated in the presence of a metal is con- 
sidered to be a significant effect of that metal. Vanadium and iron depress 
the incorporation of acetate into cholesterol by more than 50 per cent, and 
chromium and manganese increase it by more than 100 per cent (Fig. 1). 
The effect on incorporation of acetate into fatty acids by these four elements 
is similar to the cholesterol effect in all instances, but of a lower order of 
magnitude except in the case of Cr. The effects of the metals on the de- 
carboxylation of acetate to CO: lie between those of cholesterol and fatty 
acids (Table I, Experiment 1). The metal effects are present at concen- 
trations of 0.00005 m (Table I, Experiment 1); at 0.00001 m they are not 
significant. 
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With one exception, all the metals tested in Experiment 2, Table I, had 
the same effect on incorporation of labeled acetate into cholesterol regard- 
less of their original oxidation state. The somewhat lower activities of 
MnO; and CrO?- compared to Mn** and Cr* suggest that they are re- 


TABLE [ 


Synthesis of Cholesterol in Vitro from CH;C'OONa in Presence of Certain Transition 
Element Salits* 











em Transition element salt added BaCOs; acre Fatty acids 
aa c.p.m. C.p.m. | c.p.m. 
la 11,410 | 625 | 93 
1b 0.00005 m VOSO,-2H:0 | 4,550 | 141 72 
le 0.00005 ‘* CrCl;-6H.O | 16,600 | 1100 | 165 
id 0.00005 ‘“‘ MnCl,-4H,O0 | 18,460 | 1048 | 166 
le 0.00005 ‘‘ FeCl.-4H20 | 7,080 | 236 73 
- | 0.00005 ‘* CoCl,-6H.0 | 9,545 | 413 112 
2a 480 
®b ‘| 0.0001 m FeCl,-4H,0 | | 200 
% (| 0.0001 “ FeCl;-6H,0 | 583 
24 | 0.0001 “ VOSO,-2H.0 | 73 
% | 0.0001 “ NaVO; | | 79 
of 0.0001 “ MnCl.-4H.0 | 1347 
2% si 0.0001 “ KMn0, | | 934 
2h =| 0.0001 “ KReO, | 345 
2i 0.0001 “ CrCl, | | 1220 
Ss | 0.0001 “ CrCl;-6H.O | 1422 | 
%*k | 0.0001 “ Na»,CrO, | 1090 =| 
2 | 0.0001 “ NasMo0, | |} 412 | 
3a | 686 
3b 0.00005 m eet ~ 
0.0001 m VOSO,-2H,0 ; 
3e 0.00005 m ae _ 
0.0001 m FeCl,-4H.O a 





* Each pot contained 3 to 4 gm. (wet weight) of liver cell clusters, 40 ml. of buffer, 
and 5 mg. of CH;C'*OONa-3H.0 (0.3 me. per mm). 


duced to a lower oxidation state in the presence of liver cells before becom- 
ing active. VO*+ and VOs are equally active. Fe*+ failed to show any 
depressant action similar to that of Fe?+ on numerous occasions. Since, 
in the case of Cr, Mn, and V it is apparently not difficult for the metal 
either to acquire its active oxidation state or to be active at any oxidation 
state, the failure of Fe*+ to act in a similar fashion would suggest that it is 
removed from effective solution. 

To determine the atomic specificity of the cholesterol effect of elements 
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of atomic number 23 to 26, heavier elements with a similar distribution of 
outer electrons were tested. Mo and Re had no significant effect on choles. 
terol synthesis in 0.0001 m concentration (Experiment 2, Table I). 
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Fig. 2. The effect on incorporation of C'4-carboxyl-labeled acetate into cholesterol 
by surviving rat liver of 0.0001 m concentrations of CrCl;-6H:0, VOSO,-2H;0, 
MnCl,-4H,0, and FeCl.-4H.O alone and in combination. Each pot contained 3 to4 
gm. (wet weight) of liver cell clusters, 40 ml. of buffer, and 5 mg. of CH;C“OONa-- 
3H.0 (0.3 me. per mm). 


TasBLe II 
Synthesis of Cholesterol from CH;C“OONa by Excised Livers of Rats Injected with 
Certain Transition Element Salts* 








. - | 
—e | ee BaCOs GHetonide | Fatty acid 
ire —- tf t- eam. jm 
4a 18,285 1760 136 
4b 0.25 Cr 27,720 3730 | 233 
4e 0.50 Mn 29 880 3115 104 
4d 0.75 V 8,312 447 46 
4e | 0.75 Fe 13,046 974 148 
4f 0.25 Cr 
ite 
0.75 V | 1594 | 
4g | 0.25 Cr 
Or 9 
0.75 Fe | -_ 
4h 0.50 Mn\ 
0.75 V five 
4i 0.50 Mn 
3839 
0.75 Fe { = 


* Each pot contained 3 to 4 gm. (wet weight) of liver cell clusters, 40 ml. of buf- 
fer, and 5 mg. of CH;C“OONa-3H,20 (0.3 me. per mm). Solutions of CrCl;-6H,0, 
MnS0,-4H;:0, VOSO,-2H20, and FeCl,-4H20 in saline were injected intraperiton- 
eally 1 hour before the animals were killed. 
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In Fig. 2 the results of metal antagonism are shown graphically. Either 
V or Fe nullifies the stimulating effect of Cr on incorporation of C'-car- 
boxyl-labeled acetate into cholesterol by surviving rat liver. On the other 
hand, the stimulating effect of Mn is but slightly affected by the presence of 
equimolar concentrations of V or Fe. A 2:1 molar ratio of either V or Fe 
to Mn is required to overcome the stimulating effect of Mn (Experiment 
3, Table I). 

The effects of V, Cr, Mn, and Fe in vivo are entirely similar to those ob- 
tained in vitro (Table II). Cr and Mn increase incorporation of labeled 
acetate into cholesterol by the excised livers, whereas V and Fe decrease it. 
The effect on fatty acid radioactivity is less, except in the case of Cr. As 
in vitro, either V or Fe cancels the increased incorporation of acetate into 
cholesterol caused by Cr, but not that caused by Mn. The minimal 
amount of metal per 100 gm. of body weight necessary to obtain a maximal 
effect is variable, Cr being most active, Mn next, and Fe and V least so. 


DISCUSSION 


The characteristics of the elements having a significant effect on cho- 
lesterol synthesis seem to include not only an unfilled d shell of electrons, 
but a principal quantum number of the outer electrons of 4, as is seen by 
the failure of Re to produce the effect of Mn, and of Mo to produce that of 
Cr. Furthermore, the lack of effect on cholesterol synthesis of Ti, Ni, Cu, 
and Zn, if the depressant effect of Co is considered not to be significant 
(Fig. 1), suggests that 5 to 8 4s and 4d electrons, in the natural state of the 
element, are associated with an effect on cholesterol synthesis. 

It is interesting to compare and contrast the effects of transition elements 
on cholesterol synthesis and on the oxidation of liver phospholipides. In 
1939 Bernheim and Bernheim (3) reported that V markedly increased the 
oxidation of phospholipide by washed liver suspensions and that Mn (4) 
inhibited this V effect. Fe, Ni, and Ti had no effect on the V-catalyzed 
oxidation. Ni and Ti had no effect on the incorporation of C'-carboxyl- 
labeled acetate into cholesterol, and the depressant effects of Fe and V 
were not additive. Cr exerted no inhibitory effect similar to that of Mn 
on phospholipide oxidation by V, whereas Cr had a stimulating effect 
similar to that of Mn on cholesterol synthesis. Co had some inhibitory 
effect on phospholipide oxidation by V, but no significant effect on choles- 
terol synthesis. The fact that Mn nullified both the stimulating effect of 
V on phospholipide oxidation and the depressant action of V on cholesterol 
synthesis suggests a possible link between the metabolism of cholesterol 
and liver phospholipides. 

Both Mn and V are present in animal and plant tissues and are known to 
accumulate in the liver when ingested (5, 6). Thus the hepatic concentra- 
tions of Mn and V are constantly subject to their rates of ingestion and 
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excretion. The dosage of metals injected into the animals discussed jp 
this paper is very large, and an assessment of the practical importance of 
their effect must await feeding experiments in which far smaller amounts 
are employed and in which the liver concentration of the element is related 
to the cholesterol synthesis. Preliminary tests show that the excised livers 
from young rats, on a diet containing the optimal Mn supplement for 
growth and with 0.0002 m MnSO,-4H.0 substituted for drinking water for 
4 days, incorporate labeled acetate into cholesterol twice as fast as the 
livers from rats on the same diet but drinking distilled water. 

The significance of the antagonistic effect of these transition metals lies 
in the fact that they may comprise an endogenous hepatic mechanism for 
controlling the hepatic concentrations of cholesterol and phospholipide 
(4), substances which may be of importance in the pathogenesis of athero- 
sclerosis. 


SUMMARY 


1. The effect of certain transition elements on the incorporation of 
C*-carboxyl-labeled acetate into cholesterol by rat liver has been inyesti- 
gated. Cr and Mn were found to increase the incorporation, and V and 
Fe to decrease it. 


I am indebted to Mrs. Warner Wales for technical assistance. 
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THE LINKAGE OF PHOSPHATE TO PROTEIN IN PEPSIN 
AND OVALBUMIN 


By MARTIN FLAVIN* 


(From the Laboratory of Cellular Physiology, National Heart Institute, National 
Institutes of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, April 28, 1954) 


The nature of the linkage between phosphorus and protein in phospho- 
proteins not associated with lipide or nucleic acid came under investigation 
some 20 to 25 years ago with the study of non-homogeneous protein frac- 
tions from milk and eggs containing many phosphorus atoms per molecule 
of protein. Phosphoserine was isolated from acid digests of vitellinic acid 
(1, 2) and casein (3, 4), and, more recently, from digests of DF P-inhibited 
chymotrypsin (5) and cholinesterase (6).!_ The dipeptide SerP.Gly has 
been obtained from the chymotrypsin derivative (8) and, in addition, 
phosphothreonine has been isolated from casein (9). A peptide containing 
only phosphoserine and glutamic acid has also been identified in combined 
tryptic and acid hydrolysates (10) and in wholly enzymatic (11) digests of 
casein, and has been shown, after isolation from an acid digest, to have the 
sequence SerP.Glu (12). It has been noted (13) that in all of these investi- 
gations the possibility has not been ruled out that the phosphate may have 
been linked, in the intact protein, to the amino group of serine or threonine, 
and that it may have undergone N to O acyl migration during the course of 
the acid hydrolysis (14, 15). 

Renewed interest in the functions and biosynthesis of phosphoproteins 
has resulted from studies of phosphoenzymes involved in phosphorus me- 
tabolism (16, 17) and of enzymes whose “active centers” can be artificially 
tagged with phosphate (5,6). The possibility that the mechanism of action 
of these enzymes might be elucidated by a knowledge of the amino acid 
configurations about their “active centers” has focused attention not only 
on the amino acids to which phosphate is linked, but on those which lie 
adjacent in the peptide chain. 


* Present address, Senior Assistant Surgeon, United States Public Health Service, 
National Heart Institute, assigned to the Department of Biochemistry, New York 
University, New York. 

1 The abbreviations for amino acids and conventions for indicating their sequence 
are those of Sanger and Tuppy (7): when the sequence of amino acids in a peptide is 
known, they are separated by periods, and when not known they are enclosed in 
parentheses and separated by commas. Additional abbreviations: SerP = O-phos- 
phoserine, CySO;H = cysteic acid, Ileu = isoleucine, DFP = diisopropyl fluorophos- 
phate, DNFB = dinitrofluorobenzene, DNP = dinitrophenyl, N-terminal = amino 
terminal, C-terminal = carboxyl terminal. 
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A simple procedure for the isolation of phosphopeptides, noted during q 
study of cysteic acid-containing peptides in partial hydrolysates of oxidized 
ovalbumin (18), has now been applied to pepsin and ovalbumin, proteins 
which contain, respectively, 1 (19) and 2 (13) atoms of phosphorus pe 
molecule. Phosphoserine has been isolated from both proteins, and the 
evidence indicates that in pepsin it is probably present in the sequence 
Thr.SerP.Glu (20). In ovalbumin, it appears that the phosphate which js 
split off by prostatic phosphatase (13) may be present in the sequence 
Glu.SerP.Ala, and that the part which is resistant to phosphatase may be 
present in the sequence Asp.SerP.Glu.Ileu.Ala. 


Materials and Methods 


Preparation and Partial Hydrolysis of Proteins—Ovalbumin was pr- 
pared by isoelectric ammonium sulfate crystallization from egg whites and 
was recrystallized two or three additional times before being dialyzed 
against distilled water and lyophilized. The pepsin was a twice crystal- 
lized commercial sample (Worthington) containing 0.94 mole of phosphorus 
per mole (34,500 gm.) of protein. In certain hydrolysates (Ovalbumins 
4, 5, 6, 10) from which the recovery of phosphopeptides was incidental to 
an investigation of cysteic acid-containing peptides, the ovalbumin had 
been oxidized with performic acid? prior to partial hydrolysis. The latter 
operation was carried out in all cases by treating 2 gm. portions of protein 
with 40 ml. of 11 N HCl at 37° in glass-stoppered flasks for 3 to 4 days (7 
days in the case of Ovalbumin 4). 

Ion Exchange Chromatography of Phosphopeptides—After removal of HC! 
in vacuo, the residue was dissolved in a small volume of water and applied 
to a 4 X 10 cm. column of Dowex 50 with 8 per cent cross-linkage, H* 
form, 200 to 400 mesh, which was eluted with 120 ml. of water (Fraction 2), 
after the first column volume (Fraction 1) was discarded. In the case of 
ovalbumin hydrolysates, a portion of the SerP.Ala (Table IIT) could be 
obtained free of other peptides by elution with an additional 100 ml. of 
0.01 Nn HCl (Fraction 3). Otherwise, further elution with comparable 
volumes of 0.1 N and 0.5 N HCl did not yield significant amounts of nin- 
hydrin-positive or phosphate-containing material. The phosphopeptides 
of Fractions 2 and 3 were further purified directly by paper chromatog: 
raphy, except in the cases of Pepsin 2 and Ovalbumins 4, 5, 6, and 10, 
which were first eluted from 1 X 30 to 75 cm. columns of Dowex 2, Cl form, 
200 to 400 mesh, with HCl increasing continuously from 0.001 to 0.03 x’ 

Paper Chromatography and Electrophoresis—Whatman No. 1 filter paper 
was used for paper chromatography, and Munktell No. 30 for paper elec- 
trophoresis runs. The latter were carried out in 0.1 N acetic acid (21) in 


2 Flavin, M., and Anfinsen, C. B., unpublished results. 
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the cold room. The chromatographic solvents used, with composition 
in terms of volume, were as follows: Solvent 1, n-butanol-propionic acid- 
water, 47:22:32 (approximate) ;? Solvent 2, phenol-water, 80:20; Solvent 
3 n-propanol-water, 70:30; Solvent 4, methanol-water, 80:20; Solvent 5, 
pyridine-water, 80:20; Solvent 6, tertiary amyl alcohol saturated with 0.2 
yu phthalate buffer, pH 5, with papers previously dipped in the buffer and 
dried. 

For detection of phosphopeptides, papers were first sprayed with ninhy- 
drin solutions? and then, after marking the ninhydrin-positive spots, with 
an ammonium molybdate reagent (22), ultraviolet irradiation being used 
to aid in the detection of phosphate (23). A positive test for phosphate 
was found to be reliable, but negative tests were sometimes obtained with 
known phosphopeptides at concentrations which gave a moderately strong 
ninhydrin color. The phosphopeptide fractions from Dowex 50 or Dowex 
2 were first chromatographed in Solvent 1 for 36 hours,? then further re- 
solved by paper electrophoresis, or by chromatographing the free or DNP 
peptides in other solvents. 

Composition and N-Terminal Amino Acid of Peptides—Aliquots of free 
and DNP peptides, prepared as previously described, were hydrolyzed in 
sealed capillaries in 11 N HCl at 110°. Free amino acids were identified 
by two-dimensional chromatography with Solvents 2 and 1, or one-dimen- 
sionally in Solvent 2 alone. DNP-amino acids* were identified in Solvent 
62 For analysis (Tables V and VJ), aliquots of purified peptides were as- 
sayed colorimetrically for phosphate (25), before and after HCl hydrolysis, 
in a total volume of 0.5 ml. in Beckman micro cells. The remainder of the 
peptide hydrolysates was then chromatographed in Solvent 5, and the 
amino acids separately eluted, together with a blank area of comparable 
size from each chromatogram, and assayed by the quantitative colorimet- 
rie ninhydrin method (26). Although serving to demonstrate the presence 
of approximately the anticipated amounts of organic phosphate, the quan- 
titative analyses did not unequivocally establish molar ratios among the 
amino acids comprising a peptide, owing to errors resulting from the small 
amounts of peptides analyzed (foot-notes, Tables V and VI). 

Partial Dephosphorylation of Ovalbumin with Prostatic Phosphatase—The 
results of a preliminary small scale enzymatic dephosphorylation (Fig. 1), 
carried out as described by Perlmann (27), indicated that half of the pro- 
tein phosphorus had been split off as inorganic phosphate at the end of 5 
hours, and that no further liberation of phosphate had occurred by the end 
of 23 hours. Colorimetric ninhydrin determinations after 9 hours indi- 


*The standard DNP-amino acids were the gift of Dr. Helen van Vunakis, and a 


sample of authentic O-phosphoserine (24) was generously given by Dr. William H. 
Summerson. 
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cated that there had been negligible (less than 0.1 per cent) proteolysis, 
For the phosphorus determinations plotted in Fig. 1, protein was precipi. 
tated with trichloroacetic acid from small aliquots taken at successive 
intervals from the incubation mixture, and wet-ashed. Inorganic phos. 
phate was determined on the ashed protein and on the supernatant fluid 
25). 

In a preparative dephosphorylation, performed immediately after the 
small scale run, a solution of 4 gm. of thoroughly dialyzed, five times crystal. 
lized ovalbumin was adjusted to pH 5.4 with sodium hydroxide in a volume 
of 80 ml. of water and incubated for 11 hours at 37° with about 15 mg. of a 
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Fig. 1. Partial dephosphorylation of ovalbumin with prostatic phosphatase. @, 


inorganic phosphorus; A, protein phosphorus; X, sum of inorganic and protein 
phosphorus. 


purified prostatic phosphatase preparation.‘ After stopping the reaction 
by the addition of acetate buffer at pH 4.7 and 21 gm. of ammonium sul- 
fate, the ovalbumin was recrystallized with minimal seeding by the gradual 
addition of ammonium sulfate to 60 per cent of saturation. Half of the 
resultant crystal paste was dialyzed and lyophilized for partial acid hydroly- 
sis. Phosphorus analyses of this preparation and of the parent ovalbumin 
indicated that 55 per cent of the phosphorus had been removed (Table J). 
Another small aliquot was dialyzed against sodium phosphate buffer, pH 
6.8, of ionic strength 0.1 and analyzed electrophoretically exactly as de- 
scribed by Perlmann (27).5 Calculations based on planimetric analyses 
of the ascending boundary photographs before and after partial dephos 
phorylation, and on the electrophoretic mobilities of the components pres 


4 Gift of Dr. Gerhard Schmidt. 
5 The author is indebted to Dr. Robert Gordon and Dr. Edwin Boyle for assistance 
in carrying out the electrophoretic measurements. 
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ent, determined from the descending boundaries after 9000 seconds, also 


indicated that 55 per cent of the protein phosphorus had been split off 
(Table I). 


Results 


In the course of investigating four different hydrolysates of pepsin and 
ten of ovalbumin, phosphoserine has been isolated from both proteins. In 
addition, three different phosphopeptides have been isolated from pepsin 
(Table II) and seven from ovalbumin (Table IIT). All of these peptides 
have been identified in two or more hydrolysates, except where otherwise 


noted. 


TABLE I 


Properties of Ovalbumin before and after Partial Dephos phorylation with 
Prostatic Phosphatase 


P determined |; . Electro- P calculated* 
: . Electrophoretic : Amount of « 
Protein per 44.5 mg. * phoretic per 44.5 mg. 
protein component mobility* component protein 
, pM » X 105 per cent uM 
Ovalbumin 1.8 A-1 —6.1 86 1.86 
A-2 —5.6 14 
A-3 
Ovalbumin treated 0.8 A-1 0.83 
with phosphatase A-2 —5.5 83 
A-3 —4.7 17 


* As described by Perlmann (27). Calculated values for phosphorus are predi- 
cated on the presence of 2 moles of phosphorus per mole of A-1 protein, 1 per mole 
of A-2, and none per mole of A-3. 


Phosphopeptides from Pepsin—Chromatography in Solvent 1 of the 
Dowex 50 fraction of partial pepsin hydrolysates yielded a single ninhydrin- 
positive, phosphate-containing complex, which could not be further re- 
solved by paper chromatography, nor was any success obtained with the 
use of Dowex 2 columns (Pepsin 2) or with an attempted dephosphory- 
lation with prostatic phosphatase,‘ followed by paper chromatography. 
Paper electrophoresis, however, resolved the complex into three components 
(Table II). Pepsin 1-2a, present in very small amounts, moved rapidly 
toward the positive pole, gave only serine on hydrolysis, and a DNP de- 
tivative, not hydrolyzed, which had the same Ry as authentic DNP-phos- 
phoserine in three solvents. Pepsin 1-2b2, present in large amounts, 
moved slowly toward the negative pole and was identified as Thr.(Glu,SerP). 
Pepsin 1-2b1, also present in large amounts, remained at the origin, gave 
threonine and serine and a small amount of glutamic acid on hydrolysis, 
and DNP-threonine and a small amount of DNP-serine after treatment 
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with DNFB followed by hydrolysis. It was now possible to resolve Pepsin 
1-2bl, by chromatography in Solvent 3, into a large amount of Thr.Serp 
and a small amount of SerP.Glu (in subsequent experiments, the SerP. 
Glu migrated sufficiently toward the positive pole to become resolvable 
from Thr.SerP in the electrophoretic step). Since Pepsin 1-2b2 could 
not be further resolved by chromatography or electrophoresis of the free 
or DNP peptide, it seemed probable that it was a tripeptide with the 
structure Thr.SerP.Glu. Although no phosphothreonine could be detected, 


TaBLe II 
Identification of Phosphorylated Components Isolated from Pepsin 


Relative amount of 


cal ss oe DNP derivative 6 
amino acid after | after DNP treat- Structure 


, s Relative amount of 
Pepsin No. Amino acids 





ont hydrolysis ment and hydrolysis 
1-28 Glu a | SerP 
Ser 5+ 5+* 
1-2bla Glu 5+ SerP.Glu 
Ser 5+ 3+ 
Thr 2+ 2+ 
1-2b1b Ser 5+ Thr.SerPt 
| Thr 5+ 44 
1-2b2 Glu | 5+ Thr.(Glu,SerP)t 
Ser | 5+ 
| Thr 5+ 5+ 








* The DNP derivative of Pepsin 1-2a was not hydrolyzed, but its Rp was com- 
pared with that of authentic DNP-SerP in Solvents 1, 3, and 6. 

+ The reasons for assigning the phosphate to serine rather than to threonine are 
discussed in the text. 


it must be noted that free phosphoserine was identified in small amounts in 
only one of three hydrolysates. 

Phosphopeptides from Ovalbumin—Whereas chromatography in Solvent | 
of Dowex 50 Fraction 3 of partial ovalbumin hydrolysates yielded a single 
peptide, SerP.Ala (Table IIT), a number of different fractions, listed in 
order of increasing Ry, were obtained by similar treatment of Fraction 2 
Fraction 2ab had an Ry corresponding to phosphoserine and was resolved, 
by a 7 day descending chromatographic run in Solvent 2, into free phos- 
phoserine and Asp.SerP (Table III). Fraction 2d had an R, correspond- 
ing to the SerP.Ala previously identified and was partially superimposed on 
Fraction 2e, which gave a lasting blue-green color with ninhydrin. This 
complex, by chromatographing the DNP peptides in Solvent 3, was further 
resolved into SerP.Ala and a phosphopeptide containing DNP-aspartie 
acid and alanine, glutamic acid, serine, and isoleucine (compare with phos 
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phopeptides from casein (28, 29)), the isoleucine being differentiated from 
leucine (in Ovalbumin 7-2e) through chromatography in n-butanol-water 


Tasie III 


Identification of Phosphorylated Components Isolated from Ovalbumin 
| | 








| | 
| Relative amount 

















: : me Relative amount | of DNP deriva- | 
Am A : 4 = | r 
Omen | present | ,0f amino acid ‘reatment and | —_— 
ydrolysis 
—_— = _ 
7-2b Ser 5+ 5+* SerP 
7-2a Asp | 5+ 5+ Asp.SerP 
Glu | + 
Ser 5+ 
4-J3 Asp | 44- 2+ Asp.(Glu,SerP) 
Glu | 44+ 
Ser 4+ 
5-13 Asp | 5+ 4+ Asp.(Glu,Ileu,SerP) 
Glu 5+ + 
Tleu 4+ 
Ser 2+ 
14-2h Ala 5+ | SerP.(Ala,Glu,Ileu) 
Gu | 5+ | 
Tleu | 5+ | 
Ser 5+ 5+ | 
14-2e1 Ala | 4+ Asp.(Ala,Glu,Ileu,SerP) 
Asp 5+ 5+ 
Glu | 5+ 
Tleu | 5+ | 
Ser | 4+ 
7-3a Ala | 5+ SerP.Ala 
Glu oo 
Ser 5+ 5+ 
13-2 Ala 5+ 
Glu 5+ | 2+ Glu.(Ala,SerP)f 
Ser 4+ | | 








*The DNP derivative of Ovalbumin 7-2b was not hydrolyzed, but its Rr was 
compared with that of authentic DNP-SerP in Solvents 1, 3, and 6. 


t Isolated from only one hydrolysate and in amounts too small for definite identi- 
fication. 


(85:15). Fraction 2c appeared to be Glu.(Ala,SerP), but was present in 
amounts too small for certain identification, and Fraction 2h was found 
to have the structure SerP.(Ala,Glu,Ileu). 

These results confirmed the previous findings of Perlmann (13), in which 
essentially the same amino acids were identified in a phosphorus-containing 
peptide fraction from ovalbumin and in which presumptive evidence was 





778 PHOSPHATE LINKAGE 


afforded for the esterification of phosphate to serine, since none of the other 
amino acids present offered a site of attachment for phosphorus likely to 
have survived the partial acid hydrolysis. 

Phosphopeptides from Ovalbumin before and after Partial Dephosphoryla. 
tion with Prostatic Phosphatase—In order to determine whether or not all of 
the ovalbumin phosphopeptides had arisen from a single phosphoserine. 
containing peptide sequence, use was made of the remarkable specificity, 
discovered by Perlmann (27), of prostatic phosphatase in splitting off only 


TaBLe IV 


Phosphorylated Components Isolated from Ovalbumin before and after 
Treatment with Prostatic Phosphatase 








Before and after partial dephosphorylation Before, but not after, partial dephosphorylatiog 





SerP* SerP.Ala 
Asp.SerP Glu. (SerP,Ala)f 


Asp.(SerP,Glu) 
Asp.(SerP,Glu,Ileu) ft 
SerP.(Glu,Ileu,Ala) 
Asp.(SerP,Glu,Ileu, Ala) 





* Free phosphoserine was isolated in smaller amounts from hydrolysates of par- 
tially dephosphorylated ovalbumin than from those of the parent ovalbumin. The 
amino acids within parentheses have been listed in the most plausible sequence, 
rather than in alphabetical order. 

7 Glu.(SerP,Ala) was isolated in small amounts from only one hydrolysate (Oval- 
bumin 13), and its identity is therefore uncertain, as is its absence from hydroly- 
sates of partially dephosphorylated ovalbumin. 

t Though not identified in the hydrolysate of partially dephosphorylated oval- 
bumin, this peptide has been included because it was also not found in this par- 
ticular (companion) hydrolysate of parent ovalbumin (Ovalbumin 13), though iden- 
tified in two previous ovalbumin hydrolysates, and because it appears somewhat 
more compatible with a sequence lacking SerP.Ala. 


1 of the 2 phosphate residues of ovalbumin. It was felt that, if all the 
phosphopeptides came from the same sequence, they should either all be 
absent or all be present in partial hydrolysates of enzymatically dephos- 
phorylated protein. 

Portions weighing 1.5 gm. of parent (Ovalbumin 13) and of phosphatase- 
treated (Ovalbumin 14) ovalbumin were hydrolyzed for 70 hours in com- 
panion flasks, and aliquots of Dowex 50 Fractions 2 and 3 were chromato 
graphed in Solvent 1 for comparison. These chromatograms showed the 
complete absence from both fractions of the phosphatase-treated prepart- 
tion of SerP.Ala, nor could any be detected when the appropriate areas 
from chromatograms of the entire hydrolysate were eluted and rechromat- 
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graphed in a narrower band. In addition, Fraction 2c was absent from 
Qvalbumin 14, though so faint also in Ovalbumin 13 that the absence was 
of uncertain significance. The amounts of the “e” and “‘h” fractions were, 
however, undiminished in Ovalbumin 14, indicating that the alanine of the 
large peptides was probably not the same as that of the SerP.Ala. Be- 
cause Of the absence of the latter from Ovalbumin 14, it was possible to 
resolve Fraction 2e in Solvent 3 into Asp.(Ala,Glu,Ileu,SerP) (Table VI) 
and Asp.(Glu,SerP), a resolution partially achieved also in Ovalbumin 13. 
The low alanine yields from the three large alanine-containing peptides 
suggested that these might all be mixtures of peptides with and without a 
(terminal alanine (Table VI), though the errors in these determinations 
were large (see above). Asp.(Glu,Ileu,SerP) had actually been identified 
in two previous hydrolysates fractionated with Dowex 2 (Table IIT) and 
has been grouped with the phosphoserine peptides resistant to prostatic 
phosphatase (‘Table IV) because of its composition. 

The most plausible explanation of these findings seems to be that both 
phosphate groups of ovalbumin are linked to the hydroxyl] group of a serine 
residue, and that the phosphate which is resistant to prostatic phosphatase 
is part of the sequence Asp.SerP.Glu.Ileu.Ala, and that which is labile is 
part of the sequence SerP.Ala and possibly Glu.SerP.Ala. 


DISCUSSION 


The validity of the present studies on phosphopeptide sequences depends 
upon two major assumptions. First, there must be a single unique amino 
acid sequence for the protein, and, second, no rearrangements must occur 
during the partial acid hydrolysis. 

Although no free phosphothreonine was found, the possibility that phos- 
phate may be esterified to threonine, as well as to serine, in some of the pep- 
sin peptides was suggested by the low recovery of free phosphoserine and 
the somewhat high phosphorus analyses of Table V. The latter, however, 
are not far from equimolarity with glutamic acid and may reflect acid 
destruction of hydroxyamino acids (29, 30). Furthermore, the lability of 
the threonine-amino and the stability of the serine-amino peptide bonds 
toward acid, as indicated by the isolation of large amounts of Thr.SerP 
and Thr.SerP.Glu, are evidence that phosphate is esterified to serine and 
not to threonine. 

Evidence has been presented that the failure of serine and threonine- 
amino peptide bonds to survive partial acid hydrolyses (21, 7) is due to an 
N to O acyl migration, followed by hydrolysis of the ester linkage (14, 15). 
In this case, phosphorylation of the hydroxy] group of a serine or threonine 
residue might abolish the acid lability of its amino peptide bond. In fact, 
the isolation of Asp.SerP and other phosphopeptides from ovalbumin rep- 
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resents the first instance in which peptides containing serine in other than 
the N-terminal position have been found in acid hydrolysates and, there. 
fore, the first demonstration of the existence of O—P bonds in phosphopro- 
teins (13). Since, however, the evidence against phosphothreonine consists 
only of the failure to detect certain components in the hydrolysates, and 
particularly since Perlmann has recently reported evidence that pepsin phos- 
phate is diesterified (31), the possibility should not be discarded that some 
of the peptides may contain phosphate esterified with threonine or doubly 
esterified with the adjacent threonine and serine residues. It is of interest 


TABLE V 
Analyses of Phosphopeptides Isolated from Pepsin 


Amounts in micromoles.* 


Peptide Pepsin No. | —_— Total P | re | Serine (Threonine 
SerP.Glu 4B-2a | 0.01 | 0.31 | 0.28 | 0.31 | 0.07 
Thr.SerPt 3-2b1b | 0.02 1.5 0.8 1.4 

«“ 4B-2b1 0.02 3.2 0.31 1.8 2.1 
Thr.(Glu,SerP)t 3-2b2b 0.02 | 1.9 | 2.0 1.3 1.6 
a 4B-2b2b 0.02 1.3 1.1 0.8 0.9 


* The peptides were isolated from different amounts of hydrolyzed protein of 
the order of magnitude of 1 gm. The colorimetric ninhydrin determinations are 
subject to large error, owing to the method used for amino acid isolation. In addi- 
tion, the resolution of the peptides from each other was incomplete, and there was 
presumably some destruction of amino acids, especially serine, during the total acid 
hydrolysis of the peptides. 

{ The reasons for assigning the phosphate to serine, rather than to threonine, 
are discussed in the text. 


that pepsin is active at a low pH at which N to O acyl migration might 
occur physiologically, since one could conceive of phosphate serving a 
special structural function in preventing this rearrangement at a point 
where two hydroxyamino acids lie adjacent in peptide linkage. 

In the peptides from ovalbumin, the hydroxy! group of serine appears to 
afford the only point for phosphate attachment which would be expected 
to survive the partial hydrolysis (32, 33) (Table VI). If one eliminates 
diesterification of an ovalbumin phosphate to two serines, a possibility 
ruled out by Perlmann on electrophoretic grounds (13), the results are best 
interpreted as indicating that the phosphopeptides are derived from two 
different phosphoserine-containing sequences. Alternatively, but les 
likely, all of them (except Glu.(Ala,SerP), the identity of which is not 
certain) might have been derived from a single sequence containing Asp- 
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SerP.Ala. The removal of a second phosphate linked in some other fashion 
to the protein might have altered the lability of the peptide bonds about the 
phosphoserine, preventing the accumulation of the peptide, SerP.Ala. 
The peptides fit most easily into two different sequences (Table IV), and 
the complete disappearance of SerP.Ala, otherwise invariably the most 
prominent peptide, after enzymatic dephosphorylation seems best ac- 
counted for by assuming the dephosphorylation of the serine in this se- 
quence. The conclusion that ovalbumin contains 2 different phospho- 
serine residues is therefore preferred. No explanation is at hand for the 


TaBLe VI 
Analyses of Phosphopeptides Isolated from Ovalbumin 
Amounts in micromoles.* 


Peptide a —_ we Total P | Alanine —— or - oy Sesten 
Asp.SerP 7-2a 0 0.27 0.32 0.25 
SerP. Ala | 7-3a 0.03 1.03 1.13 0.58 
SerP.(Ala,Glu,Ileu)) 13-2h 0.01 | 0.48 | 0.26 0.53 | 0.46 | 0.19 

” | 14-2h 0.02 0.56 0.31 0.54 0.58 0.17 


Asp.(Ala,Glu,Ileu, | 14-2e1 0.04 | 0.64 | 0.37 | 0.69 | 0.55 | 0.58 | 0.19 
SerP) 


*The peptides were isolated from different amounts of hydrolyzed protein of the 
order of magnitude of 1 gm. The colorimetric ninhydrin determinations are subject 
to large error, owing to the method used for amino acid isolation. In addition, the 
resolution of aspartic acid from glutamic acid and of alanine from serine was incom- 
plete, and there was presumably some destruction of amino acids, especially serine, 
during the total acid hydrolysis of the peptides. 


failure to detect either SerP.Glu or Glu.SerP in a hydrolysate in which di- 
peptides should be preponderant (34).® 

If the phosphate of SerP.Ala were linked to the amino group in the 
original protein, partial enzymatic dephosphorylation should unmask an 
N-terminal serine. 2 um each of parent and phosphatase-treated oval- 
bumin were treated with DNFB, but no significant amount of ether-soluble 
DNP-amino acids was found in either hydrolyzed DNP protein (14, 35). 
Since an appreciable amount of completely dephosphorylated ovalbumin 
was present in the phosphatase-treated protein (Table I), this result also 


‘A very small amount of Ser.Glu was identified in one hydrolysate (Ovalbumin 
14-2e3). The quantity was insufficient to test for phosphate, and, because its Rp 
values were different from those of the SerP.Glu of pepsin, it seemed possible that 
it did not contain phosphate. This was confirmed by the fact that it migrated more 
rapidly toward the negative pole than did free glutamic acid on paper electrophoresis. 
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indicates that neither phosphate is linked to the a-amino group of ap 
amino acid, previous results having ruled out linkage to an imidazole group 
or to the e-amino group of lysine (35). 

The remarkable specificity of prostatic phosphatase in readily splitting 
off one, but not both, of the ovalbumin phosphates has led to the interpreta. 
tion that the two are linked to different amino acids (13). These findings 
might be reconcilable with linkage of both to serine if one phosphate were 
sterically protected, or if the action of the phosphatases were influenced by 
the amino acids adjacent to the phosphorylated serine. It may be perti- 
nent that a kidney phosphatase preparation would completely dephos- 
phorylate casein phosphopeptides containing glutamic acid, isoleucine, and 
serine, but would only partially dephosphorylate somewhat larger peptides 


Tasie VII 


Specific Activities of Serine Residues Isolated from Different Positions in 
Ovalbumin Molecule 





Serine fraction | Serine specific activity 
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Ovalbumin isolated from oviduct mince incubated with glycine-1-C™ plus gluta- 
thione (Ovalbumin 6). 


containing aspartic in addition to the other three amino acids (29). How- 
ever, since evidence has recently been presented that the phosphorus of 
pepsin, also resistant to prostatic phosphatase (36), may be present asa 
diester (31), the possibility should perhaps also not be neglected that the 
phosphates esterified with serine may be doubly linked to some other 
group in the protein than those considered above. 

An incidental finding suggests that the rapid turnover of phosphopro- 
tein phosphorus (37) is not associated with a turnover of the serine to which 
phosphorus is linked. When ovalbumin was obtained from oviduct in- 
cubated in vitro with glycine-1-C™ and several serine residues were sep- 
arately isolated from different positions in the protein molecule,? the phos- 
phoserine was found to have the same specific activity as the average 
protein serine (Table VII). 

It is hoped that work in progress, in collaboration with Dr. Robert Red- 
field, will definitely establish whether two different phosphoserine-contain- 
ing sequences are represented in ovalbumin hydrolysates, by the more 
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definite identification of Glu.(Ala,SerP) and by serial degradation of the 
larger phosphopeptides. 


SUMMARY 


A simple method has been devised for the isolation of small phospho- 
peptides from phosphoproteins and has been applied to a study of phos- 
phate linkage in pepsin and ovalbumin. 

In addition to free phosphoserine, the following phosphopeptides have 
been identified in partial acid hydrolysates of pepsin: Thr.SerP, SerP.Glu, 
and Thr.(Glu,SerP). The evidence indicates that the single phosphate 
residue of pepsin is esterified, at least in part, with a serine residue which is 
present in the amino acid sequence Thr.SerP.Glu. 

In addition to free phosphoserine, the following phosphopeptides have 
been identified in partial acid hydrolysates of ovalbumin: Asp.SerP, Asp.- 
(Glu,SerP), Asp.(Glu,Ileu,SerP), SerP.(Ala,Glu,Meu), Asp.(Ala,Glu,[eu,- 
SerP), SerP.Ala, and possibly Glu.(Ala,SerP). The last two, but not the 
others, can no longer be detected in hydrolysates of ovalbumin partially de- 
phosphorylated with prostatic phosphatase. The evidence suggests that 
the 2 phosphate residues of ovalbumin may both be esterified with serine 
and that the phosphoserine which is resistant to hydrolysis by prostatic 
phosphatase may be present in the amino acid sequence Asp.SerP.Glu.Ileu.- 
Ala, and that which is susceptible to enzymatic hydrolysis in the sequence 
SerP.Ala and possibly Glu.SerP.Ala. 

No unmasking of N-terminal amino acids by partial or complete de- 
phosphorylation of ovalbumin could be detected. 

The isolation from both ovalbumin and pepsin of phosphopeptides with 
serine in other than N-terminal position is the first unequivocal evidence 
for the existence of phosphoserine ester bonds in phosphoproteins and, 
since serine-amino peptide bonds have not previously been detected in 
partial acid hydrolysates, indicates that phosphorylation has abolished the 
acid lability of these bonds. These findings are consistent with the view 
that the acid lability is due to N to O acyl migration. 

The serine residues esterified with phosphate were found to have the 
same specific activity as the average serine of the protein in radioactive 
ovalbumin prepared by incubating oviduct with glycine-1-C™ in vitro. 


The author wishes to acknowledge his indebtedness to Dr. C. B. Anfinsen 
for suggesting the study of phosphate linkage in pepsin, and to Dr. Ger- 
hard Schmidt for the generous gift of prostatic phosphatase. 
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THE RELATION OF GLUCOSE OXIDATION TO LIPOGENESIS 
IN MAMMARY TISSUE* 


By P. F. HIRSCH, H. BARUCH, anp I. L. CHAIKOFF 


(From the Department of Physiology of the University of California School of Medicine, 
Berkeley, California) 


(Received for publication, March 25, 1954) 


Earlier studies with rat liver slices indicated that lipogenesis is dependent 
upon glucose utilization. Thus, liver slices prepared from fasted rats 
suffer from a lowered capacity to convert added acetate to fatty acids, and 
this defect in lipogenesis can be repaired by previous administration of 
glucose (1). More recently it was shown that an increase in fatty acid 
synthesis from acetate can be induced in the fasted liver by the addition of 
glucose to the incubation medium (2). Glycogen content has also been 
shown to be directly related to the amount of acetate carbon converted to 
fatty acids by liver slices (3). Because of its relatively high glycogen con- 
tent, liver does not appear to be the tissue of choice for the study of this 
interrelation between carbohydrate and fat metabolism. Even though 
the amount of glycogen in liver can be lowered by fasting, this procedure 
impairs glucose utilization at an early phosphorylative stage (4). 

These difficulties with hepatic tissue can be circumvented by the use of 
mammary gland of the lactating rat, a tissue that stores practically no 
glycogen, but which, in the presence of glucose, readily synthesizes fat 
(5,6). The extremely low rate of endogenous glycolysis in isolated mam- 
mary gland has enabled us to study here the action of various added inter- 
mediates, per se, upon lipogenesis. 


EXPERIMENTAL 


Rats of the Long-Evans strain were fed a stock diet of the following 
composition: 67.5 per cent whole wheat, 15 per cent casein, 7.5 per cent 
whole milk powder, 6.75 per cent vegetable oil, 1.5 per cent CaCOs;, 0.75 
per cent NaCl (containing a trace of KI), and 1 per cent of a fish oil con- 
centrate containing 3,000 U.S. P. units of vitamin A and 400 chick units 
of vitamin D per gm. 

Substrates—We are indebted to Dr. J. Katz for the preparation of the 
acetate-1-C™ and to Dr. 8. Abraham for the preparation of the glycerol-C“ 
(7). The radioactive glucose and fructose were prepared photosyntheti- 
cally according to the method of Putman et al. (8). The carbons of the 


*This work was supported by a contract with the United States Atomic Energy 
Commission. 
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glucose, fructose, and glycerol were evenly labeled with C“ (9, 7). The 
pyruvate-2-C™ was obtained from the Texas Research Foundation as ay 
aqueous solution of the lithium salt. It was converted to the sodium salt 
as described by Osborn et al. (10). 

Preparation of Slices and Incubation Procedure—The rats were sacrificed 
by a sharp blow on the head, and the mammary glands and the livers were 
removed rapidly and placed in cold, oxygenated bicarbonate buffer (11), 
Slices were prepared free-hand with a razor blade and collected in a Petri 
dish containing the same buffer. The mammary slices were first freed, as 
much as possible, of adhering extraneous tissue (connective tissue, fat, 
etc.) and then washed in three fresh portions of buffer solution to deplete 
the tissue of preformed milk. Liver and mammary slices were gently 
blotted on moist filter paper, weighed on a torsion balance, and transferred 
to the incubation flask. The incubation procedure has been described 
elsewhere (12). 

Collection and Determination of C'*O, Evolved—The incubation flask was 
designed to permit the collection of CO, at the end of the experiment. The 
determination of the C™ content of this CO, has been described elsewhere 
(13). 

Extraction of Fats and Fatty Acids—The contents of the incubation flask 
were decanted through Whatman No. 1 filter paper, and the tissue residue 
was thoroughly washed with water. The filtrate was discarded. A mix. 
ture containing 3 volumes of alcohol and 1 volume of ether was then added 
to the incubation flask containing the washed tissue slices, and the flask 
was placed on a steam bath for 15 minutes. The solvent mixture was then 
decanted through the original filter paper into an Erlenmeyer flask pro- 
vided with a side arm. The tissue in the incubation flask was extracted 
with the alcohol-ether mixture four times, and each time the solvent was 
decanted through the original filter paper. The combined alcohol-ether 
extracts are referred to below as Extract A. (The residual pieces of tissue 
were ground and extracted with the alcohol-ether mixture, and the extract 
was found to contain no C".) 

Total fatty acids were extracted as follows: 1 cc. of 5 Nn KOH was added 
to the combined alcohol-ether extracts (A) in the Erlenmeyer flask with 
the side arm, and the mixture was hydrolyzed on a steam bath for 3 hour. 
Small amounts of water were added during the hydrolysis to keep the mix- 
ture from going to complete dryness. The mixture was acidified with 4 
N H.SO, and kept cold to avoid loss of short chain fatty acids. Immedi- 
ately thereafter the fatty acids were extracted with several portions o 
ethyl ether. The ether extract was washed with water. 

Total lipides were extracted as follows: The alcohol-ether Extract A was 
cautiously taken just to dryness. A small volume of water was then added, 
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and the fats were extracted with several portions of ethyl ether. The 
ethyl ether extracts were combined and washed with water. 

('* Measurements—The C™ contents of all extracts were determined by 
the direct mount technique described by Entenman e¢ al. (13). Cholesterol 


was isolated as the digitonide (14) and found to contain negligible amounts 
of C™. 


Results 


Lipogenesis from Acetate and Glucose Compared in Liver and Mammary 
Glands of Same Lactating Rat 


Separate portions of slices prepared from the liver and mammary glands 
of Rats 1 to 4 were incubated with either acetate-1-C™ or glucose-C™. 

Experiment with Acetate-1-C'*—In the experiments with liver slices, active 
lipogenesis from added acetate was observed even when no glucose was 
added to the medium (Table I), and the addition of glucose did not influence 
the fatty acid-C" recoveries. In the case of the mammary gland, however, 
lipogenesis was extremely low when acetate was the sole substrate, but, in 
the presence of added glucose, the conversion of acetate to fatty acid was 
quite high at all three concentrations of acetate in the medium. These 
findings are in agreement with those recently obtained by Balmain et al. (15). 

The effect of glucose on mammary tissue is particularly well shown in 
the case of Rat 2; less than 1 per cent of the C“ was recovered as fatty acids 
when no glucose was added to the incubation medium, but, upon the 
addition of glucose, the fatty acid-C™ recoveries rose to 65 per cent. 

Experiment with Glucose-C'*—In the presence of a constant amount of 
evenly labeled glucose, the recoveries of fatty acid-C'* and C™“O, were dis- 
tinctly higher in mammary than in liver slices (Table II). 

500 mg. portions of mammary tissue obtained from a single rat were in- 
cubated in sixteen flasks containing 5 cc. of medium to which had been 
added varying amounts of glucose, from 1 to 400 um. Each flask, how- 
ever, contained the same counts per minute of C™ regardless of the con- 
centration of glucose in the medium. The data are expressed graphically 
in Fig. 1. 40 per cent of the added glucose-C" was oxidized to CO: in the 
flask containing 1 um of glucose, but only 3 per cent of the C' was con- 
verted to fatty acids. With the addition to the medium of increasing 
amounts of glucose up to 25 um per flask, the percentage of the added glu- 
cose carbon converted to fatty acids increased, whereas the percentage 
oxidized to CO2 decreased. When the amount of glucose in the medium 
was 50 um, the amount of glucose carbon converted to fatty acids approxi- 
mated that converted to COs. It should be noted here that the actual 
amounts of glucose carbon converted to fatty acids and CO: increased as 
the amounts of glucose added to each flask rose to 50 um; with further in- 
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crease in the amounts of added glucose, the actual amounts of glucose 
carbon converted to fatty acids and CO» were about the same. 


TABLE I 
Incorporation of C' of Acetate-1-C™ into Fatty Acids and CO2 by Surviving 
Slices of Liver and Mammary Gland, and Effect of Fortification of 
Medium with Glucose upon This Incorporation 

500 mg. of liver or mammary slices were incubated for 3 hours at 37.5°. The me. 
dium consisted of 4.5 cc. of Ringer-bicarbonate buffer and 0.5 cc. of the acetate-1-C¥ 
solution. When glucose was added, the flasks contained 0.5 ce. of the acetate-1-C« 
solution, 0.5 cc. of the glucose solution, and 4.0 cc. of the bicarbonate buffer. Gas 
phase, 95 per cent O2 and 5 per cent COs. Duplicate flasks were incubated, and 
each figure is the average of two separate determinations. 











Medium Por ona of eon 
Rat No. | Days post Tissue |———____—_——— : — 
ae | Acetate, um | Glucose, um | Fr 
added per | added per CO2 atty 
| flask flask acids 
1 4 (250) | Liver 10 | None 43.8 9.7 
ee 10 | I11ft 44.5 9.1 
Mammary 10 | None | 37.4 2.2 
™ 10 111 28 .9 30.0 
2 | 6 (228) | Liver 10 | None | 47.2 27.5 
| . | 10 | 111 =| 47.2 30.0 
Mammary 10 | None 35.2 0.8 
" 10 ; lll | 18.9 63.5 
3 | 9(350) | Liver 50 | None 19.0 1.3 
| Mammary | 50. . | 45 | 0. 
- 50 111 : 22 | ae 
4 | 7(220) | Liver 100 | None | 38.2 15.1 
| ™ 100 | 111 | 37.3 17.1 
| Mammary | 100 | None | 20 | 
| “ | 100 111 1.2 | 168 


* The weights of the rats in gm. are given in parentheses. 
7 111 um of glucose produce a final concentration in the medium of 400 mg. per 
100 ce. 


Comparison of Utilization of Glucose, Fructose, Glycerol, and Pyruvate by 
Mammary Gland 


The utilization of fructose-C“ and glucose-C™, both evenly labeled, was 
compared at a concentration of 400 mg. per 100 cc. in the medium (Table 
III). The CO, recoveries from glucose-C™ exceeded those from fructose- 
C™ by about 5 times. The yield of fatty acid-C" from the labeled glucose 
was about 50 times that observed with the fructose. 
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Pyruvate was readily utilized by rat mammary gland (Table III). 
About 49 per cent and 23 per cent of the C™ were recovered in the CO, 
and fat fractions, respectively (Rat 8), when 16.6 um of pyruvate-2-C™ were 
added as the sole substrate. 


TaBLeE II 
Incorporation of C™ of Glucose-C into Fatty Acid and COz by Surviving 
Slices of Liver and Mammary Gland 
500 mg. of liver or mammary slices were incubated for 3 hours at 37.5°. The me- 
dium consisted of 4.5 ce. of Ringer-bicarbonate buffer and 111 uM of glucose contained 
in 0.5 ce. (final concentration in the medium, 400 mg. per 100 ec.). Gas phase, 95 
per cent O2 and 5 per cent COs. Duplicate flasks were incubated, and each figure 
is the average of two separate determinations. 


Per cent of added glucose-C™ recovered as 


Rat No.* Tissue 
CO: Fatty acids 

1 Liver 2.4 0.4 
Mammary 4.7 2.4 

2 | Liver 6.0 1.0 
Mammary 8.6 re | 

3 Liver 1.9 0.1 
Mammary 11.4 10.2 

4 | Liver 7.6 1.8 

| Mammary 18.5 14.7 


* The animals listed in this table are the same as those in Table I. 
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MICROMOLES OF GLUCOSE 

Fig. 1. Relation between the amount of glucose added to the medium and the 
conversion of the C' of the added glucose-C" to fatty acids and COs by mammary 
slices prepared from lactating rats. For explanation see the text. 
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Glycerol was poorly utilized for CO, and fat formation compared with 
glucose. Thus in experiments (Rat 7, Table III) in which the same number 
of moles of glucose and glycerol was added, the CO, recoveries from glu- 
cose were about 20 times those from glycerol, whereas the lipide-C™ re. 
coveries from glucose were about 10 times those from glycerol. 


TaBLeE III 
Comparison of Incorporation of C'4 of Glucose-C™, Fructose-C', Glycerol-C%, 
and Pyruvate-2-C'4, Each As Sole Substrate, into Fatty Acids and 
CO2 by Mammary Gland 

500 mg. of mammary slices were incubated for 3 hours at 37.5° in a medium cop. 
sisting of 4.5 ce. of Ringer-bicarbonate buffer and 0.5 cc. of the labeled substrate 
solution. Gas phase, 95 per cent O2 and 5 per cent CO2. Duplicate flasks were ip. 
cubated, and each figure is the average of two separate determinations. 








, Per cent of added Cu 
Medium recovered as 


Rat No.| Days post | Tissue weight SS ee 





partum* : =" 
Svhetente Grn CO: | atly acid 
ieee t - ‘einetecial cain a 
5 5 (275) 450 Glucose 111 11.0 10.1 
450 Fructose ) 111 2.5 0.2 
6 | 4(305) | 400 | Glucose 111 7.7 5.5 
| 400 Fructose | 111 1.8 0.1 
7 10 (248) 500 Glucose 50 22.6 23.8 
500 Glycerol | 50 i | 2.3 
8 7 (280) 500 Glucose | 650 19.4 23.4 
500 Glycerol 6.8 8.1 8.8 
500 Pyruvate 16.6 49.0 23.0 


* See foot-note to Table I. 
t For Rats 7 and 8, lipide-C values are reported; for Rats 5 and 6, fatty acid-C" 
values. 





Comparison of Stimulatory Capacities of Glucose, Fructose, Glycerol, and 
Pyruvate upon Lipogenesis from Acetate in Lactating 
Mammary Gland 


In the experiments carried out with mammary glands excised from Rats 
9 and 2 (Table IV), 10 um of labeled acetate were added to each bath. With 
this amount as sole substrate, about 40 per cent of the C™ was recovered as 
CO», and about 1 and 2 per cent, respectively, as fatty acids. The addition 
of 111 um of glucose per flask resulted in a pronounced stimulation in the 
incorporation of the C“ to fatty acid, which was accompanied by a redue- 
tion in the C™ recovered as CO.. Thus the average value for fatty acid- 
C™ rose to 75 per cent, and the average value for CO, fell to 12 per cent. 
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This effect of glucose was also observed when 50 um of acetate were added 
to the incubation flask (Rat 11). 

Although fructose at a concentration of 400 mg. per 100 cc. stimulated 
lipogenesis from acetate, this effect was in no way comparable with that of 
glucose. The data recorded in Table IV show that the stimulatory effect 
of glucose also exceeds that of pyruvate and of glycerol. The two latter 


TaBLe IV 


Influence of Glucose, Fructose, Glycerol, and Pyruvate upon Incorporation of 
C' of Acetate-1-C™ into Fatty Acids and COz by Mammary Gland 
500 mg. of mammary slices were incubated for 3 hours at 37.5° in a Ringer-bicar- 
bonate buffer. Each substrate, labeled and unlabeled, was added as 0.5 ce. of solu- 
tion. The total volume in each flask was 5 cc. Duplicate flasks were incubated, 
and each figure is the average of two separate determinations. 


| | | 


Per cent of added C™“ 


mano] Darmstt | Vadaed er | Aaaiieeet meted | esac | ens 
| CO: | Fatty acids 

9 | 6 (360) 10 None | 40.4 1.5 

= = Glucose | iu | 7.6 82.9 

| 10 | Fructose 111 | 8.2 | 12.2 

10 Glycerol 25 | 35.4 | 11.4 

10 Pyruvate | 50 37.5 9.5 

2 | 6(228) | 10 None | 35.2 0.8 

| 10 Glucose 111 18.9 63.5 

| 10 Pyruvate 50 | «(27.0 5.3 

10 | Glycerol | 80 | 27.9 5.4 

11 | 10(248) | 50 | None | | 4.2 0.6 

| 50 Glucose 50 2.2 32.7 

50 “ | 23 | 3.2 | 28.3 

6 


| 


50 Glycerol 50 4.0 8 





* See foot-note to Table I. 


compounds appear to have about the same capacity for stimulating lipo- 
genesis from acetate. Similar findings on the relative rates at which these 
three substrates stimulate lipogenesis have been recently reported by Bal- 
main et al. (15) and by Popjdk and Tietz (16). 


Some Interrelations between Utilization of Substrate and Its Capacity to 
Influence Lipogenesis and CO. Formation in Lactating 
Mammary Gland 


500 mg. portions of mammary tissue from the same rat were incubated 
with either glucose-C™, acetate-C", or pyruvate-C“. In each case the 
recoveries of the added C™ as CO, and fatty acids were determined (1) 








GLUCOSE OXIDATION 


AND LIPOGENESIS 


when the labeled compound was present in the medium as the sole sub. 
strate and (2) when each of the others, unlabeled, was added to the bath, 
The amount of each compound (whether labeled or unlabeled) added to 


the bath was 50 uo. 


The results are recorded in Table V. 


TABLE V 


Some Interrelations between Utilization of Substrate and Its Capacity to 
Influence Lipogenesis and CO2 Formation in Mammary Gland 
Conditions as for Table IV. 


Days post 


Rat No. partum® 


12 7 (256) 


14 7 (304) 


17 4 (324) 


Labeled substrate 
(50 wm) 


Glucose 


Pyruvate 

cc 

“ce 
Acetate 

“ce 

oe 
Glucose 

cc 

“ce 
Pyruvate 

ce 

“ce 
Acetate 

&< 

ae 
Glucose 

ce 

cc 

ce 
Pyruvate 


sc 


Acetate 
ei 


sé 


* See foot-note to Table I. 


t For Rats 12 and 14, lipide-C™ 


values. 


Unlabeled substrate (50 um) 


None 

Acetate 

Pyruvate 

None 

Glucose 

Acetate 

None 

Glucose 

Pyruvate 

None 

Acetate 

Pyruvate 

None 

Glucose 

Acetate 

None 

Glucose 

Pyruvate 

None 

Acetate 

Pyruvate 

Acetate + pyruvate 
None 

Glucose 

Acetate 

Glucose + acetate 
None 

Glucose 

Pyruvate 

Glucose + pyruvate 


values are reported; for Rat 


Per cent of added Cu 
recovered as 


: Lipides or 
COz fatty 
acidst 

23.0 25.9 

| 26.7 21.1 
| 23 2.1 
| 43.3 | 13.3 
| 34.3 37.5 
| £4 4.3 
| 6.0 0.2 
2.9 23.2 
4.8 1.2 
18.9 21.0 
20.4 17.4 
7.4 4.9 


4.9 2.0 
4.6 0.5 
2.9 30.3 
3.7 1.9 
21.1 18.6 
21.6 10.4 
8.1 0.8 
3.5 0.6 
50.2 16.8 
38.8 33.3 
11.8 2.3 
10.5 4.7 
7.0 0.9 
§.2 26.0 
3.0 1.2 
3.1 2.5 


17, fatty acid-C" 
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Experiment with Glucose-C'*—When the labeled glucose was present as 
sole substrate, about 20 per cent of its C™ was recovered as CO, and about 
the same percentage as fat (Rats 12 and 14). The addition of 50 um of 
unlabeled acetate to the incubation medium resulted in a reduction in the 
C* recovered in the fat and fatty acid fractions. The addition of pyruvate, 
or pyruvate plus acetate, reduced the fatty acid-C™ recoveries consider- 
ably more than did the addition of acetate. The CQ, recoveries were 
also sharply reduced by the addition of pyruvate or pyruvate plus acetate 
to the medium (Rat 17). 

Experiment with Pyruvate-2-C—With labeled pyruvate as sole sub- 
strate, about 45 per cent and 20 per cent of the C' were utilized for CO, 
and fatty acid formation, respectively. The addition of glucose to the 
medium about doubled the fatty acid-C™ recoveries; an associated effect 
in this case was a reduction in the CO, recoveries. When acetate or ace- 
tate plus glucose was added, the recoveries of both CO, and fatty acid-C™ 
were greatly reduced. 

Experiment with Acetate-1-C'*—As already noted, very little of the C™ 
is incorporated into fatty acids when labeled acetate is used as the sole 
substrate, but in the presence of glucose the incorporation of the C™ into 
fatty acids is greatly augmented. Pyruvate exerts a small but definite 
stimulation in lipogenesis from acetate. Interestingly enough, the addition 
of both glucose and pyruvate resulted in a stimulation hardly better than 
that of pyruvate alone. 


DISCUSSION 


Although our earlier studies with liver suggested that lipogenesis and 
glucose oxidation are associated, we made use here of mammary tissue to 
bring out more precisely the relation between these two phases of metabo- 
lism. In Fig. 2, the capacity of each gland to convert C™ of added glucose- 
C* to CO, has been plotted against its capacity to convert C" of acetate-1- 
C“ to fatty acids. The concentration of glucose was kept at 400 mg. per 
100 cc. Although the percentages of the C™ recovered as CO, and fatty 
acids varied considerably among the five rats studied, it is nevertheless 
clear that the greater the capacity of a given gland to convert glucose-C 
to COs, the greater also is its capacity to incorporate acetate to fatty acids. 

The dependency of lipogenesis upon glucose utilization is further em- 
phasized in the data of Fig. 1 where the conversion of glucose-C™ to fatty 
acids and CO. by mammary gland is plotted against increasing amounts of 
glucose in the medium. The lowest amount of glucose added per flask was 
1 um, and, even though almost half of this amount was converted to COs, the 
resulting glucose oxidation was apparently not sufficient to support lipo- 
genesis. With the addition of more glucose to the medium, the fatty 
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acid-C™ recoveries increased, and when the medium contained 50 um of 
glucose the recoveries of fatty acid-C™ equaled those of C™Os. These 
findings suggest that a certain amount of glucose oxidation is needed to 
initiate lipogenesis. 

Haugaard and Stadie (3) have shown that the capacity of liver slices to 
incorporate acetate carbon into fatty acids is dependent upon their glyco. 
gen content. Thus, the presence of carbohydrate in the liver at the start 
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IN FATTY ACIDS 
Fia. 2. Relation between the capacity of a rat mammary gland to oxidize glucose 
to CO and its capacity to incorporate acetate into fatty acids. Two separate por- 
tions of each isolated mammary gland were incubated as follows: (1) in a medium 
containing 111 ym of C-labeled glucose and (2) in a medium containing 10 um of 
acetate labeled with acetate-1-C'‘ plus 111 um of unlabeled glucose (400 mg. per 1 
ce.). 


of the experiment could account for the extent to which added acetate is 
converted to fatty acids by this tissue when acetate is the sole substrate. 

CQ, recoveries from glucose-C“ were much higher in the experiments 
with mammary slices than in those with liver slices (Table II). It should 
not be inferred from this finding that the rate of glucose oxidation is higher 
in mammary than in liver slices. As already pointed out, the livers of fed 
rats contained considerable amounts of glycogen, whereas mammary tissue 
from the same rats contained practically no carbohydrate. Hence a dif 
ference in the extent of dilution of the added glucose-C™ might account for 
the different CO, recoveries found with the two tissues. 

In our experiments, the stimulation in conversion of C™ of acetate-1-C 
and pyruvate-2-C" to fatty acids, induced by glucose, was always accom 
panied by a fall in the C“O, recoveries. This is particularly well shown fa 
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pyruvate in Table V and for acetate in Table I. This inverse relation be- 
tween fatty acid-C™ and CO, recoveries, which was also observed by Felts 
dal. (17, 18) with livers of diabetic rats injected with insulin, is in accord 
with the view that an increase in glucose oxidation shifts, to some extent, 
the metabolism of the C, intermediate from an oxidative fate to one in- 
volving synthesis. 

Glucose is not the only substrate that can stimulate lipogenesis from ace- 
tate, but it does occupy a unique position so far as mammary tissue is con- 
cerned. Thus glucose was much more effective than fructose in stimulating 
lipogenesis from acetate. This superiority of glucose to fructose is in keep- 
ing with the preferential utilization of glucose by mammary gland, which 
was first inferred by Folley and French from R. Q. measurements (19) and 
which has been confirmed here with C-labeled hexoses. This higher utili- 
zation of glucose in rat mammary gland should be contrasted with the situ- 
ation in liver. In the latter, added fructose is more readily utilized for 
(0, and fatty acid formation (20). 

Glycerol is not the equal of glucose either in extent of utilization for CO, 
and fat formation or in its capacity to stimulate lipogenesis from acetate. 
Since added glycerol is not utilized to any extent and, furthermore, since 
glycerol formed via glycolysis may differ in reactivity from substrate glyc- 
erol, experiments carried out with glycerol as substrate cannot test. whether 
glycerol is a limiting factor in fatty acid formation from acetate. 

According to Bloch, acetate seems to be superior to pyruvate as a carbon 
source for the formation of higher fatty acids in liver slices (21, 22). But 
inthe mammary gland, as judged by the conversion of the C™ of acetate-1- 
(“and pyruvate-2-C™ to CO, and fatty acids, it would appear that the 
latter is more readily utilized than is acetate. Indeed, the utilization of 
pyruvate is of the same order of magnitude as that of glucose. 

A striking difference was observed between acetate and pyruvate in 
their effects upon the incorporation of glucose-C" into fats and COs. Thus 
the addition of 50 um of unlabeled acetate to a flask containing 50 um of 
(“labeled glucose reduced the fatty acid-C™ recoveries from 18 to 10 per 
cent in Rat 17 (Table V). A similar observation was recently reported by 
Balmain et al. (15). When, however, 50 um of unlabeled pyruvate were 
substituted for the unlabeled acetate, the fatty acid-C“ and CQO, re- 
coveries were reduced from 18 and 21 per cent to 1 and 8 per cent, respec- 
tively. Now in order to help us understand what was occurring here, we 
reversed the labeling of the compounds; the experimental design is shown 
inTable V. Since glucose stimulated lipogenesis from pyruvate, it might 
be argued that the reduced fatty acid-C™ recoveries observed in the experi- 
ments with glucose-C and unlabeled pyruvate resulted from dilution of a 
latty acid precursor common to both pyruvate and glucose. If this pre- 
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cursor is also common to acetate, a comparable reduction should have bee, 
observed in the experiments with glucose-C™ and unlabeled acetate. By 
this did not occur. It is this latter finding with acetate that suggests that 
in addition to dilution, added pyruvate may have an inhibitory effect 
glucose oxidation. This view receives some support from the experimen 
with Rat 17 (Table V); the addition of unlabeled glucose stimulated th 
conversion of the C™ of acetate-1-C™ to fatty acids from 1 to 26 per cent 
but this effect of glucose was practically abolished when glucose and pyn- 
vate were added together. 

The conversion of pyruvate to both CO, and fatty acids was depresse 
by the addition of acetate to the medium (see Rat 17, Table V). In this 
experiment, the fatty acid-C™ recoveries from pyruvate-2-C™ decrease 
from 16.8 to 2.3 (a fall of about 14 per cent in the conversion of the 
added C") when unlabeled acetate was added to the medium. If dilution 
of the C; pool were responsible for this fall, the sum of the percentage o 
fatty acid-C“ obtained from pyruvate-2-C™ in the presence of unlabele 
acetate plus the percentage of fatty acid-C™“ recovered from acetate-1-C! 
in the presence of unlabeled pyruvate should at least equal the percen 
tage obtained from pyruvate alone. But in the experiment with aee- 
tate-1-C™ and unlabeled pyruvate, the fatty acid-C™ recoveries were only 
about 1 per cent instead of the 14 per cent expected. Thus, it would 
appear that simple dilution will not account completely for the reduced 
recoveries of fatty acid-C“ observed in this experiment. The results sug- 
gest rather that the added acetate inhibited the conversion of pyruvate 
to fatty acids. 


SUMMARY 


1. The incorporation of C' of glucose, fructose, and glycerol (all evenly 
labeled with C™), of pyruvate-2-C™, and of acetate-1-C™ into fatty acids 
and CO, by slices prepared from rat mammary gland was studied. In ai- 
dition, the liver and mammary gland of the lactating rat were compared 
with regard to their utilization of glucose-C™ and acetate-C™. 

2. The fatty acid-C™ recoveries from acetate-1-C™ were directly related 
to the amount of glucose oxidized by mammary gland slices. 

3. When employed as sole substrates in the medium, glucose and pyruvate 
served as excellent precursors of fatty acids in mammary tissue. Frue- 
tose and acetate are less readily converted to fat under these conditions. 
The addition of glucose to the medium increased the conversion of the 
C™ of pyruvate-2-C™ to fatty acids. 

4. The increase in glucose oxidation that results from the addition 
glucose to the medium shifts the metabolism of the C. intermediate, de 
rived from pyruvate and acetate, from an oxidative fate to one involving 
synthesis. 
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been 5. Added glycerol is poorly utilized by mammary gland; this finding is 
But} discussed in connection with the action of glucose on fat synthesis. 
that, 6. Evidence suggesting that added acetate partially inhibits the utiliza- 


ct mf tio of pyruvate by mammary gland and that added pyruvate partially 


ment} jnhibits glucose utilization is presented. 
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PROTOCATECHUIC ACID OXIDASE* 


By R. Y. STANIER anv J. L. INGRAHAMT 


(From the Department of Bacteriology, University of California, 
Berkeley, California) 


(Received for publication, May 6, 1954) 


Protocatechuic acid (3 ,4-dihydroxybenzoic acid) was isolated in small 
quantities by Evans (1) from culture filtrates of a Vibrio species growing 
at the expense of p-hydroxybenzoic acid. Analysis by the technique of 
sequential induction (‘‘simultaneous adaptation”) suggested that proto- 
catechuic acid was an intermediate in the oxidation of p-hydroxybenzoic 
acid by another bacterium, Pseudomonas fluorescens (2), and this inference 
was strengthened by the finding (3) that dried cells of P. fluorescens, when 
grown specifically at the expense of p-hydroxybenzoic acid, can catalyze 
arapid and quantitative conversion of protocatechuic acid to 6-ketoadipic 
acid in accordance with the accompanying equation. 


COOH 
| 


COOH 7 
c=o 

+ 0: + H.0 — | + CO: 
OH CH, 


| 
_ CH: 


COOH 


After dialysis for several days against distilled water, extracts of such 
dried cells can still oxidize protocatechuic acid with an unchanged total 
uptake of oxygen, but have largely lost their ability to form CO, and £- 
ketoadipic acid (4). Under these conditions a tricarboxylic acid accumu- 
lates; when treated with an undialyzed extract, it is decomposed without 
further oxygen uptake to yield equimolar amounts of CO: and 8-ketoadipic 
acid (4). As reported in an accompanying paper (5), the tricarboxylic 
acid has now been identified as a 8-carboxymuconic acid, probably the 
cis-cis isomer. In this paper we describe the partial purification and prop- 
erties of the oxidizing enzyme (hereafter referred to as protocatechuic acid 
oxidase) which catalyzes the accompanying reaction. 


*This work was supported by a grant-in-aid from the American Cancer Society 
upon recommendation of the Committee on Growth of the National Research Council. 

t Predoctoral Fellow of the Atomic Energy Commission, 1950-51. Present ad- 
dress, Stine Laboratory, Newark, Delaware. 
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CH 
COOH 
Methods 


Biological Material—The enzymes which convert protocatechuic acid to 
8-ketoadipic acid were prepared from P. fluorescens strain A.3.12. Since 
they are strictly inducible, growth of the cells at the expense of a metabolic 
precursor (p-hydroxybenzoic acid) is essential in order to obtain active 
starting material. The conditions of cultivation have been described pre. 
viously (6); the only modification in the present work was the addition o 
0.2 per cent Difco yeast extract to the synthetic basal medium, which in. 
creases considerably the cell yield. Cells were harvested by centrifugation 
and washed once with0.02 m phosphate buffer (pH 7.0). If not immediately 
extracted, they were packed in plastic centrifuge tubes and stored at ap. 
proximately —15°. Little or no activity is lost under these conditions for 
at least a year. All subsequent steps in extraction and purification were 
conducted at 0-3°, unless otherwise stated. 

Chemicals—Protocatechuic acid was a commercial product (Reheis), It 
was recrystallized from water before use. We are indebted to Dr. I. A 
Pearl for samples of the esters of protocatechuic acid, and to Dr. W. R. 
Sistrom for samples of the 2,3- and 2,4-dihydroxybenzoic acids. 

Determinations—Optical measurements were made with a Beckman 
model DU spectrophotometer with cells having a light path of 1.0 cm. For 
all enzymatic measurements the slide compartment was maintained at a 
temperature of 30° + 1°. Manometric experiments were conducted at 
30° with the conventional Warburg apparatus. 

Protein was determined principally by the biuret method, with a mod- 
ification by Pardee (personal communication) of the procedure described 
by Weichselbaum (7). Crystalline bovine serum albumin was the stand- 
ard. Our purest enzymatic preparations contained very little protein, 
and determinations on these samples were made by the Folin-Ciocalteu 
method (8). Since values by this method were consistently slightly higher 
than those obtained with the biuret method, a correction factor was ap- 
plied. 

Assays—The activity of protocatechuic acid oxidase may be assayed 
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either manometrically by determination of oxygen uptake (4) or spectro- 
photometrically. The spectrophotometric method is much superior. The 
ensymatic degradation of protocatechuic acid proceeds via 8-carboxymu- 
conic acid to B-ketoadipic acid, and, depending on the degree of purification 
of the system, either product may accumulate. 6-Ketoadipic acid has a 
negligible light absorption throughout the ultraviolet region (€ma. = 50 
for a neutral solution) and can be regarded for practical purposes as trans- 
parent. Protocatechuic acid and 8-carboxymuconic acid both absorb 
strongly,! and the amounts of each in mixtures may be calculated from 
optical density measurements at 270 and 290 mu. In neutral solution, 
€pa (290) = 3890, €pa (270) = 2730, €cMA (290) = 1590, and €cMA (270) = 6400. 
It is accordingly possible to determine optically the rate of disappearance 
of protocatechuic acid even when the immediate product, 6-carboxymu- 
conic acid, is undergoing further conversion to $-ketoadipic acid; in ad- 
dition, it is possible to determine the levels of 8-carboxymuconic acid dur- 
ing the oxidation, and thus to ascertain the extent and rate of its further 
conversion to 8-ketoadipic acid. With purified preparations of the oxidase 
the situation is even simpler, and the rate of the oxidation can be calculated 
from measurements at a single wave-length, for which purpose 290 my 
was used. In practice it is seldom necessary to resort to measurements 
at two wave-lengths except with very crude extracts, since the decarbox- 
ylating enzyme is inactivated by dilution and its activity is generally neg- 
ligible at the very low concentrations necessary for accurate measurement 
of oxidase activity. 

Molecular oxygen is a reactant in the conversion of protocatechuic acid 
to 6-carboxymuconic acid, and hence maintenance of excess oxygen in the 
reaction system is essential for accurate kinetic work. Fortunately the 
oxidase has a very high substrate affinity, which permits the reaction to be 
carried out in an unaerated cuvette containing an amount of substrate so 
small that the dissolved oxygen of the system is in excess of that required 
for its complete oxidation. We customarily used 0.5 um of protocatechuic 
acid in a total volume of 3 ml. (initial substrate concentration 1.67 x 10~ 
a); the amount of oxygen dissolved in 3 ml. of water equilibrated with air 
at 30° is more than double that required for its oxidation. Even at this 
low initial substrate concentration, the rate of the reaction remains con- 
stant over most of its course. Rate is strictly proportional to enzyme 
concentration, as shown in Fig. 1. For assays, the following standard 
procedure was adopted. The reaction cuvette (1 cm. light path) contained 
2 ml. of 0.1 m phosphate buffer (pH 7.0), enzyme, and distilled water to 
bring the volume to 2.5 ml. The reaction was initiated by addition of 0.5 


‘Complete extinction curves for protocatechuic acid and 8-carboxymuconic acid 
are given in the accompanying paper (5). 
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ml. of 0.001 m sodium protocatechuate, and readings were made at inter. 
vals of 30 seconds or 1 minute. The blank cuvette contained in the same 
final volume all components except substrate, thus correcting automatically 
for the optical density of the enzyme. The temperature was maintained 
at 30° + 1°. 

The unit of activity is defined as the amount of enzyme which decom. 
poses protocatechuic acid at an initial rate of 0.075 um per minute unde 
these conditions. If 8B-carboxymuconic acid is the end-product, this js 
equivalent to a decrement of 0.057 optical density unit per minute at 2% 
muy. 
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Fig. 1. Quantitative determination of protocatechuic acid oxidase. Relation o 


protein concentration to activity. 


Results 
Purification of Protocatechuic Acid Oxidase 


The wet, packed cells were ground by hand with twice their weight 0 
levigated alumina until breakage occurred. The mixture was suspended 
in 5 ml. of 0.02 m phosphate buffer (pH 7.0) per gm. of wet cells, warmed te 
30°, and treated for 10 minutes with deoxyribonuclease (1 mg. of crystalline 
enzyme per 100 ml. of extract) and MgSO, (added to a final concentration 
of 0.01 m). This treatment abolishes the very high viscosity of the crute 
extract and greatly facilitates subsequent centrifugations. The mixture 
was cooled again to 0°, and the bulk of the alumina was removed by lov 
speed centrifugation. The particulate fraction of the extract was the 
sedimented by centrifugation for 30 minutes at 16,000 X g, and discarded 
The clear supernatant fluid (Fraction I) was brought to 0.33 saturation ly 
the addition of neutral saturated ammonium sulfate, and the precipitale 
consisting of a small amount of finely divided particulate material, we 
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removed by centrifugation and discarded. The supernatant liquid was 
saturated with solid ammonium sulfate, and the precipitate was collected 
by centrifugation, dissolved in 0.02 m phosphate buffer (pH 7.0), and di- 
alyzed overnight against the same buffer. This solution (Fraction IT) was 
brought to pH 6.0 by addition of 1 N acetic acid and treated with successive 
additions of protamine sulfate (20 mg. per ml., pH 5.0) until the Dogo: Dogo 
ratio had reached 0.85. It was then immediately refractionated with neu- 
tral saturated ammonium sulfate, and the fraction precipitating between 
0.5 and 0.7 saturation was collected. This material (Fraction III) was 
dialyzed overnight against 0.02 m phosphate buffer (pH 7.0) and then 
heated to 50° for 3 minutes. A slight precipitate resulted, which was re- 


TaBie I 
Partial Purification of Protocatechuic Acid Oxidase 




















| Protein | Enzyme , | 
Fraction No. | Volume | pete serie | pom | Recovery 
| Per ml. | Total | Per ml. Total | 
| ml. mg. | mg. | units | units | units* | per cent 
I | 21.5 | 22.2 | 478 | 1290 | 27,700} 58 | 100 
II | 25.0 | 15.8 | 395 | 980 | 24,500 | 62 | 88 
“ treated with | 28.0 9.0 | 252 | 610 | 17,100 | 68 62 
protamine 
III 8.6 10.2 | 88 | 1180 | 10,150 | 116 | 37 
“heated 8.6 | 1070 | 9,200 | 34 
IV 4.3 8.0 | 34.4 | 1500 | 6,450) 187 | 24 
“ after dialysis 5.0 5.0 25.0 1230 6,150 246 22 
V 5.0 1.4 7.0 625 3,125 446 11 


3's 





*Per mg. of protein. 





moved by centrifugation. The supernatant fluid was refractionated with 
neutral saturated ammonium sulfate, and the fraction precipitating be- 
tween 0.5 and 0.6 saturation collected (Fraction IV). It was dialyzed 
overnight against demineralized water; a considerable precipitate occurred, 
which was removed by centrifugation. The clear supernatant liquid, con- 
taining 5 mg. of protein per ml., was treated with 0.1 volume of alumina 
Cy (dry weight 20 mg. per ml.) and immediately centrifuged. The super- 
natant liquid (Fraction V) had a specific activity 8 times that of Fraction I 
and was completely free of decarboxylating enzyme (Table I). The de- 
carboxylating enzyme persisted through all stages up to gel treatment, 
which effects a remarkably complete separation of the two enzymes. In 
different preparations, the amount of gel required for complete adsorption 
of the decarboxylating enzyme has varied considerably and must be de- 
termined empirically in each case. Very active preparations of the de- 
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-arboxylating enzyme can be recovered from the gel by elution with 0.01 4 
phosphate buffer at pH 6.5. 

Purified preparations of the oxidase are stable for several weeks at 0-3°, 
They cannot be satisfactorily kept in the frozen state. 
0.45 7 yMoues PA ar ee pte 
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Fig. 2. Spectrophotometric analysis of the stoichiometry of protocatechuic acid 
oxidation. The reaction system contained purified protocatechuic acid oxidase (1.2 
y of protein) in 0.1 m phosphate buffer. At zero time, 0.10 um of substrate was added. 
Subsequent additions were 0.15 um of substrate at 10.5 minutes, 0.20 um of substrate 
at 24 minutes, and, after completion of the oxidation, decarboxylase (equivalent to 
280 y of protein) at 42 minutes. The data were calculated by simultaneous equations 


from observed optical density changes at 270 and 290 mu. PA = protocatechuic 
acid. CMA = £-carboxymuconiec acid. The amount of calculated residual PA at 
equilibrium is not significant, nor is the amount of calculated residual CMA after 
addition of the decarboxylating enzyme. Both reactions are essentially irreversible. 


Properties of Protocatechuic Acid Oxidase 


Stoichiometry—The conversion of protocatechuic acid to 6-carboxymu- 
conic acid is essentially irreversible, as shown by the data in Fig. 2. Since 
these data were obtained by the application of simultaneous equations to 
optical density measurements at two wave-lengths, the error in measuring 
a component present at a relatively low ratio is considerable, and the 
apparent amounts of residual protocatechuic acid are not of significant 
magnitude. For the three amounts of substrate added, the final amounts 
of B-carboxymuconic acid are in very close agreement with expectation, 
on the assumption of a quantitative conversion. 

Specificity—The only compound known to be attacked is protocatechuic 
acid. Other substances tested as substrates with negative results include 
catechol, hydroxyhydroquinone, 2,3-dihydroxybenzoic acid, 2,4-dihy- 
droxybenzoic acid, the three monohydroxybenzoic acids, and the ethyl, 
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isopropyl, isobutyl, and 2-ethylisobuty] esters of protocatechuic acid. The 
2,4- and 2,3-dihydroxybenzoic acids and catechol can apparently combine 














TaBLeE II 
Action of Inhibitors on Protocatechuic Acid Oxidase 
Compound | Molarity | Per cent inhibition 
a — rn 
A mee 0.001 0 
aie en ete 0.0025 0 
Ethylenediaminetetraacetic acid.......... 0.01 | 0 
KF... 0.01 | 14 
en, eek 0.05 | 34 
Semicarbazide . 0.01 | 0 
lodoacetate..... 0.001 9 
“ Lp . 0.005 | 20 
p-Chloromercuribenzoate 0.00005 47 
” ae 0.00005 | 3 
Glutathione . . 0.0005 { 
1.2 T T tT T T , T 
Lier 7 
OF 4 
SF 4 
8r . 
7t , } 
wo 6F 4 
2 S- J 
a 
4b 4 
me) 4 
Zr q 
Ane 4 
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pH 

Fig. 3. Effect of pH on the rate of oxidation of protocatechuic acid. Phosphate 

buffer was used from pH 6.0 to 7.5, and tris(hydroxymethyl)aminomethane-HCl 


buffer from pH 8.0 to 9.0. Conditions as for the assay. Above pH 9.0 the substrate 
is oxidized non-enzymatically. 


with the enzyme, since they act as competitive inhibitors in the given or- 
der of decreasing effectiveness. Methylene blue cannot replace oxygen 
as a hydrogen acceptor for the oxidation. 

Action of Inhibitors—Table II shows the effect of various inhibitors on 
the enzyme. 
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Effect of pH—The activity of the enzyme increases steadily up to pH 
9.0 (see Fig. 3). The optimum cannot be determined, since at pH values 
above 9.0 protocatechuic acid begins to undergo spontaneous oxidation. 

Cofactors—No cofactor requirements have been found. The activity of 
the purified oxidase is unaffected by dialysis overnight against 0.02 m phos- 
phate buffer (pH 7.0) or 0.001 m KCN. Our purest preparations have had 
a pale pink color: they show a heme spectrum with a Soret band at 418 
my, but the intensity is very weak. The amount of purified materia] 
available has been insufficient for a study of the relationship between pig- 
ment concentration and oxidase activity, and there is at present no basis 


TasBLeE III 


Comparison of Properties of Protocatechuic Acid Oxidase, Pyrocatechase, 
and Homogentisic Acid Oxidase 


Oxidant, oxygen; molar ratio of oxidant to substrate, 1.0. 























Enzyme Substrate | Product | Cofactors my 
| 
Protocatechuic 3,4-Dihydroxy- | 8-Carboxymu- | None (4, 5), this 
acid oxidase benzoic acid conic acid paper 
(probably cis- 
cis) | | 
Pyrocatechase | 1,2-Dihydroxy- | cis-cis-Muconic Fett, gluta- | (11, 12) 
benzene acid | thione | 
Homogentisic 2,5-Dihydroxy- | Maleyl(cis)ace- | Fe++,—SH | (9, 10) 
acid oxidase phenylacetic toacetic acid* 
acid 





* Originally reported as fumaryl(trans)acetoacetic acid (10). More recent work 
by Knox and Edwards (personal communication) has shown, however, that the 
immediate product of oxidation is maleylacetoacetic acid, which is then converted 
by another enzyme to fumarylacetoacetic acid. 


for assuming a connection between them. Such preparations do not con- 
tain a spectrophotometrically detectable amount of flavin. 


DISCUSSION 


Since the nature of its prosthetic group is unknown, protocatechuic acid 
oxidase cannot be assigned to a particular class of oxidative enzymes. _ Its 
insensitivity to cyanide suggests that it is not a copper enzyme, and the 
absence of a flavin spectrum in the purest preparations makes it unlikely 
that it is a yellow enzyme. In its mode of action it is related to two other 
oxidases which act upon phenolic compounds: homogentisic acid oxidase 
(9, 10)? and pyrocatechase (11, 12). These three enzymes bring about 


2 Knox, W. E., and Edwards, 8. W., unpublished data. 
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extremely specific cleavages of the benzene ring. Their known properties 
are summarized in Table III. In each case, molecular oxygen is an obliga- 
tory oxidant, and 2 atoms of oxygen are consumed in the reaction. The 


| products are unsaturated di- or tricarboxylic acids of cis configuration. 





The similarity between the ring cleavages catalyzed by protocatechuic 
acid oxidase and pyrocatechase is particularly striking (Fig. 4). How- 
ever, protocatechuic acid oxidase differs from the other two enzymes in its 
apparent lack of cofactor requirements. Suda et al. (12) have reported 
that ferrous iron is essential for pyrocatechase. This has been confirmed 
recently in our laboratory, and in addition we have found a dependence 
on glutathione;* both requirements become absolute very early in the 
purification of the enzyme. Homogentisic acid oxidase likewise requires 
both ferrous iron (9) and thiols? Neither a glutathione nor a ferrous iron 
requirement could be shown at any 7 in the purification of protocate- 
chuic acid oxidase. 


OH/ OH,’ OH,” 
a” on bk COOH 
COOH OH 
I v1 I 


Fic. 4. The site of oxidative ring cleavage by protocatechuic acid oxidase (I), 
pyrocatechase (II), and homogentisic acid oxidase (III). 


A very puzzling aspect of this group of enzymes is the mechanism of 
electron transfer. The uptake of 2 atoms of oxygen cannot be explained by 
peroxide formation, since the total oxygen uptake with protocatechuic 
acid oxidase is unchanged in the presence of a large excess of catalase. It 
might be supposed that two oxidative enzymatic steps are actually in- 
volved, but no indication of a two-step oxidation has been found in any of 
the three systems. An attempt to detect quinone formation during the 
oxidation of protocatechuic acid by addition of aniline as a trapping agent 
gave negative results: the reaction proceeded smoothly to 8-ketoadipic 
acid (a crude preparation was used), and no anilido compounds could be 
found. The absence of colored products in reaction mixtures after the 
oxidation of catechol or protocatechuic acid also speaks against the inter- 
mediate formation of o-quinones. 


SUMMARY 


The assay, partial purification, and properties of a new oxidase have been 
described. This enzyme, protocatechuic acid oxidase, converts proto- 


*Sistrom, W. R., and Stanier, R. Y., unpublished data. 
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catechuic acid to B-carboxymuconic acid, with the uptake of 2 atoms of 
oxygen; the reaction is essentially irreversible. No other substrate has THE 
been found. 
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THE ENZYMATIC FORMATION OF g-CARBOXYMUCONIC ACID* 


By D. L. MacDONALD, R. Y. STANIER, anv J. L. INGRAHAM 


(From the Departments of Biochemistry and Bacteriology, University of 
California, Berkeley, California) 


(Received for publication, May 6, 1954) 


The occurrence of an intermediate tricarboxylic acid in the enzymatic 
conversion of protocatechuic acid to 6-ketoadipic acid was demonstrated 
by Stanier (1), using dialyzed crude extracts of Pseudomonas fluorescens. 
The oxidation of protocatechuic acid by such extracts proceeds with an 
uptake of 2 atoms of oxygen per mole of substrate and with an R. Q. of 
zero; 2 equivalents of acid are formed. The accumulating compound can- 
not be catalytically decarboxylated with aniline citrate, but undergoes a 
non-oxidative enzymatic decarboxylation when treated with an undialyzed 
crude extract to yield equimolar quantities of 8-ketoadipic acid and CO». 
These observations established the intermediate as a tricarboxylic acid 
containing 7 carbon atoms and lacking the 6-keto acid structure. 

We have now succeeded in isolating this intermediate as its trisodium 
salt and characterizing it as an extremely labile 8-carboxymuconic acid, 
probably of cis-cis configuration. Except at neutrality and low temper- 
atures, it isomerizes to another geometrical isomer of 8-carboxymuconic 
acid, which is biologically inactive. In this paper, the term biological 
activity as applied to the carboxymuconic acids will denote ability to un- 
dergo enzymatic conversion to 6-ketoadipic acid and COs. The enzyme 
system which catalyzes this conversion will be referred to for the sake of 
brevity as the decarboxylase, although it is undoubtedly more complex than 
this name might seem to imply. The enzyme which catalyzes the forma- 
tion of the active isomer of 6-carboxymuconic acid from protocatechuic 
acid will be referred to as the oxidase; its properties are more fully de- 
scribed in an accompanying paper (2). 


Methods 


Enzymes—The enzymatic oxidation of protocatechuic acid is the only 
known method of preparing 8-carboxymuconic acid. For this purpose the 
oxidase must be free of the decarboxylase which decomposes 6-carboxymu- 
conic acid to 6-ketoadipic acid. Such preparations are best obtained by 


*This work was supported in part by Grants Committee of Eli Lilly and Com- 
pany and in part by a grant-in-aid from the American Cancer Society upon recom- 
mendation of the Committee on Growth of the National Research Council. 

t Predoctoral Fellow in the biological sciences of the Atomic Energy Commission, 
1950-51. Present address, Stine Laboratory, Newark, Delaware. 
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the method of partial purification described in an accompanying paper (2). 
most of the work was done with oxidase purified to the stage of Fraction 
V. For certain analytical purposes, preparations of the decarboxylase 
were also required. A highly active decarboxylase, suitable for spectro- 
photometric experiments, can be obtained as a by-product of the puri- 
fication of the oxidase (2) by elution of the alumina Cy gel employed in the 
final step with 0.01 m phosphate buffer at pH 6.5. 

Tests of oxidase preparations for the presence of contaminating decar- 
boxylase can be performed most conveniently by spectrophotometry, by 
use of protocatechuic acid as a substrate under the conditions outlined in 
the accompanying paper (2) for assay of the oxidase. Under these con- 
ditions, a quantitative conversion of protocatechuic acid to 6-carboxymu- 
conic acid results in a final optical density at 270 mu of 1.085; a lower max- 
imal optical density, coupled with a decline after the maximum has been 
reached, indicates the presence of decarboxylase. It is essential to carry 
out such tests with a high concentration of enzyme, since the decarboxylase 
is greatly affected by dilution and its activity may not be detectable when a 
fraction is tested at a dilution satisfactory for the measurement of oxidase 
activity. 

Determinations—Spectrophotometric measurements were made with a 
Beckman model DU spectrophotometer, with cells having a light path of 
lem. For the study of enzymatic reactions, the slide holder compartment 
was maintained at 30° + 1°. Manometric experiments were conducted at 
30° with the conventional Warburg apparatus. Manometric §-ketoacid 
determinations were performed by the method described earlier (3). 

The decomposition products of 8-carboxymuconic acid and hydrogenated 
derivatives were separated by ascending unidirectional paper chroma- 
tography with an ether-benzene-formic acid mixture (4). Spots were de- 
tected by ultraviolet absorption or by spraying with bromophenol blue or 
dilute potassium permanganate. 

Enzymatic Preparation of B-Carboxymuconic Acid—Many batches of 
B-carboxymuconic acid were prepared on a millimolar scale, the exact pro- 
cedure being modified from time to time in the light of experience. The 
preparation described below includes all the features finally adopted. 

A Fernbach flask of 2800 ml. capacity, containing 250 ml. of 0.1 m phos- 
phate buffer (pH 7.5) and 25 ml. of 0.1 m sodium protocatechuate (2.5 mm), 
was placed on a shaking machine at 30°. The oxidation was initiated by 
addition of 625 units (1.4 mg. of protein) of purified oxidase. The course 
of the reaction was followed by periodic optical density determinations at 
270 and 290 mu on diluted aliquots (2), and at appropriate intervals 7.5 
mm of substrate were added in lots of 2.5 mm. The pH was maintained 
slightly above 7 by addition of 1 n NaOH. About half-way through the 
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oxidation, a further 625 units of enzyme were added. After 325 minutes 
the oxidation had reached completion. 

Determination of Amounts of Active and Inactive B-Carboxymuconic Acid 
in Mixtures—The active and inactive isomers have very similar absorption 
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Fig. 1. Ultraviolet absorption spectra determined in 0.1 m phosphate buffer, pH 
70. Curve I, protocatechuic acid; Curve II, active 8-carboxymuconie acid, deter- 
mined in the enzymatic reaction mixture; Curve IIa, isolated active trisodium 6-car- 
boxymuconic acid; Curve III, spectrum after heating the enzymatic reaction mix- 
ture at 100° for 30 minutes at pH 7.0; Curve Illa, spectrum after heating isolated 
active sodium salt at 100° for 30 minutes at pH 7.0. 


spectra (Fig. 1), which precludes accurate estimation of the amounts in 
mixtures from optical density measurements at two wave-lengths. This 
difficulty can be circumvented by combined spectrophotometric and enzy- 
matic analysis. The optical density at 270 my is determined on a solution 
of the mixed acids appropriately diluted in 0.1 m phosphate buffer (pH 
70) and read against a buffer blank of the same volume. A suitable 
amount of decarboxylase is then added to each cuvette, and readings are 
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made until the optical density at 270 my reaches a stable value. Cor. 
rected for dilution by the enzyme, the decrement in optical density is q 
measure of the amount of active isomer, while the final optical density is q 
measure of the amount of inactive isomer. Light absorption by §-keto. 
adipic acid formed as a result of the enzymatic decomposition of the active 
isomer is negligible. 


Results' 

Optical Studies—As reported earlier (1), preliminary attempts to isolate 
the active tricarboxylic acid failed. In these experiments it was detected 
and estimated indirectly by enzymatic conversion to $-ketoadipic acid, 
followed by determination of the amount of 6-keto acid formed. Acidi- 
fication to pH 2 at room temperature caused a rapid loss of active material, 
and cold ether extraction of such acidified reaction mixtures yielded only 
a very small fraction of the active acid originally present. The first clue 
to the reason for this extreme instability was given by optical studies. The 
active tricarboxylic acid absorbs strongly in the ultraviolet region, and, 
since earlier manometric analyses had shown that the oxidation which 
leads to its formation proceeds to completion (1), an extinction curve could 
be obtained by measuring the light absorption of a reaction mixture in 
which a known amount of protocatechuic acid had been oxidized, corrected 
for light absorption by the enzyme. The spectrum (Curve II, Fig. 1) is 
characterized by a rather broad peak at 255 my, with a maximal molar 
extinction coefficient of 8220. If a neutral aqueous solution of the active 
acid is heated at 100° for 30 minutes, its activity is completely destroyed. 
This destruction is accompanied by a shift in the absorption maximum to 
265 my and an increase of the maximal molar extinction coefficient to 11,10 
(Curve III, Fig. 1). Similar changes in the spectrum (measured at neu- 
trality) occur as a result of acidification, but the extinction does not in- 
crease so markedly, since secondary decomposition takes place in an acid 
medium. 

These experiments showed (a) that the active tricarboxylic acid is an 
unsaturated compound, and (b) that treatments which cause a loss of bio- 
logical activity are accompanied by changes in ultraviolet absorption char- 
acteristic of a cis — trans isomerization: increased extinction and a shift 
of the maximum to a longer wave-length (5). 

Reduction of Active and Inactive Acids to B-Carboxyadipic Acid—The 
oxidation state of the tricarboxylic acid was established (1). This, coupled 
with its evident unsaturation, greatly limited the choice of structure. Ox- 
dation of protocatechuic acid with ring opening between the adjacent by- 

1 Microanalyses were performed by the Microchemical Laboratory, University af 
California. 
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droxyl groups, analogous to the known chemical (6) and enzymatic (7, 8) 
oxidation of catechol to cis-cis-muconic acid, should yield a 6-carboxy- 
muconic acid of cis-cis configuration. However, during the conversion of 
protocatechuic acid to 8-ketoadipic acid, reactions equivalent to the ad- 
dition of water to a double bond must occur, and were these to accompany 
or immediately follow the oxidative step, an unsaturated hydroxytricar- 
boxylic acid of cis configuration could be formed. Of the four such acids 
possible, only the 3- and 4-hydroxy acids have a configuration capable of 
eventually yielding 8-ketoadipic acid. Hence the most probable structure 
for the active acid appeared to be a cis isomer of one of the compounds in 
the accompanying diagram. 





COOH COOH COOH 
CH i. i. 
C—COOH Ul -COOH 
\ bs CHOH 
L aM a 
COOH COOH beiad 

(D) (II) (IIT) 


None of the isomers of any of these acids appear to have been described 
orsynthesized. However, a decison between structure I and any hydroxy 
acid such as II or III could be made by catalytic hydrogenation and iso- 
lation of the reduced product: structure I should yield 6-carboxyadipic 
acid, whereas IT and III should yield hydroxy derivatives of it. Accord- 
ingly, hydrogenations were conducted upon crude solutions of both the 
active and inactive materials. In each case, 6-carboxyadipic acid was 
identified by chromatography as an acidic reduction product, thereby 
establishing that both possessed structure I, being geometrical isomers of 
one another. 

Stability of B-Carboxrymuconic Acids—In order to determine conditions 
for chemical isolation, the stability of the active 8-carboxymuconic acid 
under various conditions was examined. A dilute enzymatic reaction 
mixture, 0.1 a with respect to phosphate buffer (pH 7.0) and 2 X 10-* m 
with respect to active B-carboxy muconic acid, was used, residual active 
acid after various treatments being determined as described under “Meth- 
ods,” 

In neutral aqueous solution the active isomer is relatively stable at 3°; 
the loss after 1 week is less than 5 per cent. As the temperature is raised, 
its isomerization becomes very rapid: at 45°, 15 per cent isomerization oc- 
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curs in 2.5 hours, and at 100° the half life of the active acid is only 3 min. 
utes. Isomerization is greatly accelerated under acid conditions (pH 2.0), 
the half life at room temperature (about 22°) being only 40 minutes. [| 
was thus clear that successful isolation must involve in the main oper. 
ations conducted at neutrality and at room temperature or below. 

Loss of active 6-carboxymuconic acid at neutrality is accompanied by 
stoichiometric accumulation of the inactive isomer, but when the isomer. 
ization is conducted at pH 2.0, the inactive isomer itself undergoes a further 
slow decomposition, as shown by the data in Table I. Paper chro. 


TaBLeE I 
Decomposition of B-Carboxymuconic Acids at pH 2 and 22°* 
Concentrations, M X 1075 


Duration of treatment — i — —- 
Active isomer Inactive isomer Both isomers 











min. 

0 8.1 0.0 8.1 
30 4.4 3.8 8.2 
60 2.2 5.7 7.9 
90 Red 6.5 7.6 
150 0.5 6.8 7.3 

210 0.1 6.8 6.9 
270 0.0 6.6 6.6 


* An enzymatic reaction mixture containing active B-carboxymuconic acid in 0.) 
M phosphate buffer (pH 7.0) was acidified to pH 2.0 with HCl and allowed to stand 
at room temperature. At the times indicated, aliquots were reneutralized and as- 
sayed for active and inactive 8-carboxymuconic acids by determination of the op- 
tical density at 270 my before and after treatment with the decarboxylase. The 
decrement of optical density as a result of enzymatic treatment is a measure of the 
concentration of active isomer, and the final optical density is a measure of the 
concentration of inactive isomer. 


matography of an acid-treated reaction mixture generally reveals two spots 
with Ry values of approximately 0.74 and 0.52. Both absorb ultraviolet 
light, reduce permanganate, and are acidic in nature. Upon elution from 
the paper, the spot with R, 0.74 has the typical absorption spectrum of 
inactive B-carboxymuconic acid, with a peak at 265 mu, whereas the spot 
with an Ry value of 0.52 shows ultraviolet end-absorption. The inactive 
B-carboxymuconic acid can be completely converted to the material with 
an ultraviolet end-absorption by refluxing it for 30 minutes in 90 per cent 
formic acid. 

Isolation of Trisodium Salt of Active Isomer of B-Carboxymuconic Act- 
800 ml. of an enzymatic reaction mixture containing about 10 mw of the 
active isomer were chilled to 0°, rapidly adjusted to pH 2 by the additiond 
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5x HCl, and extracted three times with an equal volume of ether which 
had been chilled to —15°. The combined ether extracts were reextracted 
with an amount of chilled 1 n NaOH slightly less than that required for 
neutralization of the $-carboxymuconic acid, and the pH of the aqueous 
extract was adjusted to 7.0. This neutral aqueous solution was then dried 
by lyophilization. 1.37 gm. of dry powder were obtained; combined en- 
symatic and spectrophotometric analysis showed that it contained 4.28 
ma of the active isomer and 0.44 mm of the inactive isomer. Assuming a 
molecular weight of 252 for both substances (trisodium salts), the pow- 
der contained 1.075 gm. of the active isomer and 0.11 gm. of the inactive 
isomer. It was thus about 80 per cent pure with respect to the active 
isomer. 

For the purification of this material, all operations were conducted at 
ornear 0°. A portion of it (810 mg.) was dissolved in water (27 ml.) and 
methanol (135 ml.) was added. The turbid solution was centrifuged and 
to the clear supernatant solution there was added, portionwise, over a 24 
hour period, a total of 230 ml. of isopropyl alcohol. The crystalline so- 
dium salt was collected by filtration and recrystallized by the same pro- 
cedure. The product was collected, washed with isopropyl alcohol, and 
dried at room temperature overnight in vacuo over P.O; and KOH. The 
recovery was 644 mg. (80 per cent). 

Spectrophotometric assay, based on the decrement in optical density at 
270 my after addition of decarboxylase, indicated that the material was at 
least 96 per cent active acid. Treatment with decarboxylase and subse- 
quent determination of the amount of 8-ketoadipic acid formed yielded 92 
per cent of the theoretical value. The absorption spectrum of the material 
(Fig. 1) has a maximum at 254 my and a molar extinction coefficient of 
$250, essentially the same as for the unisolated material. 


C;H;0.6Na; (252.1). Calculated, Na 27.37; found, Na 26.88 


8-Carboxyadipic Acid from Active Trisodium B-Carboxymuconic Acid— 
Trisodium $-carboxymuconic acid (200 mg.) was hydrogenated in water 
(10 ml.) with platinum oxide (20 mg.) at room temperature and a pressure 
slightly greater than atmospheric. The uptake of hydrogen was 40.7 ml. 
(calculated for two double bonds at 25°, 760 mm., 38.8 ml.). The solution, 
after filtration, was passed through a column of Dowex 50 to remove sodium 
ions and then concentrated in vacuo. Chromatography revealed only one 
acidic component, having the same Ry as B-carboxyadipic acid. The prod- 
uct was crystallized from ethyl acetate by addition of petroleum ether 
(b.p. 60-70°) and then recrystallized from ethyl acetate to give 122 mg. 
(80 per cent) of B-carboxyadipic acid, m.p. 121-122° (undepressed on ad- 
mixture with authentic material). 
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Caleulated. C 44.21, H 5.3 


), neutralization equivalent 63.4 
Found. ~ 44.44, ~ 5.51, é 


( 
] 63.5 
Preparation of p-Bromophenacyl Ester of 8-Carboxyadipic Acid—The 
p-bromophenacyl ester was prepared by dissolving authentic 8-carboxy- 
adipic acid (100 mg.) in water (2.5 ml.) and adjusting the pH to 5; p-bro. 
mophenacyl bromide (460 mg.) in ethanol (15 ml.) was added and the 
solution refluxed for 4 hours. The product was removed from the cooled 
solution and recrystallized twice from 400 parts of 95 per cent alcohol to 
give 218 mg. (53 per cent) of the ester, m.p. 135.5-136.5°. Hardegger (9 
reports a melting point of 143-144°. A sample of the isolated 8-carboxy. 
adipic acid (50 mg.) was similarly converted to the p-bromophenacy] ester, 
m.p. 135.5-136.5° (not depressed on admixture with authentic material), 


C3,H2;0,Br; (781.3). Calculated. C 47.65, H 3.23, Br 30.69 
Found, authentic. ‘‘ 47.79, ‘‘ 3.29, “ 30.70 
isolated. “iw, “ta, * ae 


Attempted Purification of Inactive B-Carboxymuconic Acid—200 ml. of an 
enzymatic reaction mixture, containing about 2.5 mm of 8-carboxymuconiec 
acid, were boiled for 30 minutes in order to isomerize the active isomer con- 
pletely, acidified to pH 2 with 5 n HCl, and extracted three times with an 
equal volume of ether. The ether extract was dried with Na2SO, and con- 
centrated in vacuo on a water bath at room temperature. The partially 
solidified residue was dissolved in water (5 ml.) and passed through a 
column of Dowex 50 (1 X 5 cm.), after which the column was washed with 
25 ml. of water. The effluent was immediately extracted six times with 
15 ml. portions of ether, the extract dried (NasSO,), and the solvent re- 
moved in vacuo. The residue was dissolved in methanol, decolorized with 
charcoal, and the solvent removed in vacuo to give 280 mg. of solid. Two 
crystallizations, accomplished by dissolving in warm diisobutyl ketone 
(75°) and adding benzene, yielded 180 mg. of crystalline material which 
was dried in vacuo over P.O; and NaOH. The recrystallization could also 
be carried out with isopropyl] ether plus petroleum ether (b.p. 60-70°). 

Despite many attempts, this material could not be obtained in a pure 
state. When placed in a bath at 150° and heated at 10° per minute, the 
compound melted with decomposition between 160-165°. The neutral 
equivalent varied with different preparations from 66.5-70.8 (theory for é 
carboxymuconic acid, 62). The shape of the ultraviolet absorption spet- 
trum is similar to that of the unisolated material, but the extinction at the 
maximum was much greater with certain preparations of the crystalline 


acid; others had a molar extinction at 265 my almost identical with that 
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of the unisolated material. Paper chromatography did not reveal more 
than one acidic component, and no evidence of contamination was ob- 
served by paper electrophoresis at pH 7.5, 5.0, and 4.2. 


C7H,.O¢ (186.1). Calculated. C 45.17, H 3.25 
Found. ** 45.09, 45.17, 44.15, H 3.74, 3.76, 3.58 


Hydrogenation of Inactive Material—A sample of the inactive material 
(100 mg.) was dissolved in alcohol (10 ml.) and hydrogenated with platinum 
oxide (20 mg.) at room temperature and a pressure slightly greater than 
atmospheric. A total of 25.6 ml. of hydrogen was taken up (calculated 
for two double bonds in a compound of molecular weight 186, 26.5 ml. at 
25° at 760 mm.). After removal of the catalyst by filtration, paper chro- 
matography revealed only one acidic component, which had an R » identical 
with that of 8-carboxyadipic acid. The solvent was removed in vacuo and 
the product, which did not dissolve readily in ethyl acetate, was dissolved 
in water and passed through a column of Dowex 50. The effluent was 
concentrated at reduced pressure and crystallized by dissolving in ethyl 
acetate and adding petroleum ether (b.p. 60-70°) to give 90 mg. (88 per 
cent) of material, m.p. 121—122° (undepressed on mixing with authentic 
§-carboxyadipic acid). 

Preparation of Lactone from Inactive Material—A sample of inactive acid 
(200 mg.) was refluxed for 30 minutes in 10 ml. of 88 to 90 per cent formic 
acid. The solvent was removed in vacuo. The crystalline residue was 
dissolved in methanol and decolorized with charcoal, after which the sol- 
vent was removed at reduced pressure. Two recrystallizations from gla- 
cial acetic acid yielded 95 mg. of material, m.p. 187—189° (placed in a bath 
at 150° and heated at 10° per minute). This material, which exhibited 
end-absorption in the ultraviolet, was not attacked by the decarboxylase. 


C;H,O¢ (186.1) 
Calculated. C 45.17, H 3.25, neutralization equivalent 93.0 
Found. ** 45.14, ‘* 3.34, ” " 92.3 


The presence of a lactone group was indicated by the uptake of alkali on 
standing in alkaline solution after titration of the two carboxyl groups. 
This liberated carboxyl group could not be readily titrated, however, prob- 
ably as a result of decomposition of the molecule in the alkaline solution. 
After catalytic hydrogenation of a sample of the material (50 mg.) with 
platinum oxide, two acidic components were detected by paper chro- 
matography. After separation of these components on paper, one of them 
was isolated, m.p. 121.5-122.5° (undepressed on mixing with authentic 
Scarboxyadipic acid). The other component, presumably a hydroxy- 
tricarboxylic acid, has not as yet been identified. 
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DISCUSSION 


The data reported in this paper definitely establish that the tricarhoy. 


ylic acid formed by the enzymatic oxidation of protocatechuic acid is a 8. 
carboxymuconic acid. It was obtained as a crystalline trisodium salt, 
since the free acid proved too unstable for isolation. Its extreme instability 
is a consequence of the readiness with which it isomerizes to another 6 
varboxymuconic acid, which cannot be attacked by the enzyme responsible 
for conversion of the natural isomer to B-ketoadipic acid. The biologically 
inactive isomer is itself relatively unstable, lactonizing in acid solution, 

The isomeric structures of these two 6-carboxymuconic acids cannot be 
definitely decided on the basis of present evidence. Four geometric isomers 
of this acid are theoretically possible, and each of these can exist in two 
modifications, s-cis and s-trans, involving the 8,y single bond. 


HOOC—CH = CH—C(COOH) = CH—COOH 
a BY 6 


It is not unreasonable to assume that the most stable modifications 
would be the elongated or s-trans forms; thus the number of possible isomers 
is reduced to four. (See Elvidge et al. (6) for a discussion of this point in 
connection with the muconic acid series.) Scale models show major inter- 
ference effects in all except the trans-trans isomer, but such interferences, 
although they might well prevent the chemical synthesis of one or more of 
the cis-cis, cis-trans, and trans-cis isomers, do not necessarily preclude 
their enzymatic formation. In fact, it is evident that the natural isomer 
contains at least one double bond of cis configuration, since it rearranges to 
a second isomer with the spectral changes which accompany a cis 
trans isomerization. 

The chemical oxidation of phenol by peracetic acid gives cis-cis-muconie 
acid, the most unstable of the three unsubstituted muconic acids; the free 
acid readily rearranges on treatment with boiling water to the cis-trans 
isomer (6). However, the peracid oxidation of p-cresol or homocatechol 
yields, not the expected 8-methyl-cis-cis-muconic acid, but exclusively 4 
cis-trans isomer, presumably because the cis-cis isomer in this series is 9 
unstable that it undergoes immediate rearrangement after formation (10). 
This example shows that an all-cis configuration for the active 8-carboxy- 
muconic acid cannot be safely inferred from its aromatic derivation alone, 
since an initial isomerization may have taken place with sufficient rapidity 
to escape detection. 

As mentioned earlier, the inactive isomer readily lactonizes in acid sdli- 
tion. In the other series of muconic acids, ease of lactonization is one d 
the lines of chemical evidence which can be used to assess configuratiol, 
since only a carboxy] group disposed cis to the acrylic residue can lactonist 
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readily, forming a lactone containing an endocyclic cis double bond (10). 
Unfortunately, the additional carboxyl group on $-carboxymuconic acid 
introduces new possibilities for lactone formation, and hence the mere fact 
of lactonization, although suggestive, is not in itself sufficient to establish 
the presence of a cis configuration in the inactive acid. If such a configura- 
tion could be established, the all-cis nature of the active acid would be 
proved. 

The enzymatic conversion of active B-carboxymuconic acid to B-keto- 
adipic acid and COs, catalyzed by the system referred to in this paper as the 
“decarboxylase,” is undoubtedly complex. The parallel enzymatic con- 
yersion of cis-cis-muconic acid to 8-ketoadipic acid proceeds via the lactone, 
(+)-y-carboxymethyl]-A*-butenolide, and involves the action of at least 
two enzymes, responsible, respectively, for lactone formation and delac- 
tonization (11). Since the conversion of 8-carboxymuconic acid to £- 
ketoadipic acid involves decarboxylation in addition to rearrangement, 
there are probably at least three enzymatic steps. Neither cis-cis-muconic 
acid nor (+)-y-carboxymethyl-A*-butenolide is attacked by the enzyme 
system which converts 8-carboxymuconic acid to 8-ketoadipic acid, from 
which it can be inferred that the convergence of the two parallel metabolic 
sequences takes place at or immediately prior to 6-ketoadipic acid for- 
mation. 


We are indebted to Dr. P. O. Tawney of the United States Rubber Com- 
pany for a generous gift of authentic 8-carboxyadipic acid. 


SUMMARY 


The product of protocatechuic acid oxidation by a purified oxidase 
isolated from Pseudomonas fluorescens has been isolated as a crystalline 
trisodium salt and identified as one of the geometrical isomers of -car- 
boxymuconic acid. Its configuration is not definitely established, but it 
contains at least one cis double bond and is most probably the cis-cis 
isomer. 

The enzymatically produced 8-carboxymuconic acid is rendered bio- 
logically inactive by brief boiling in neutral solution or by acidification. 
Under these conditions, it is converted to a second isomer of 6-carboxy- 
muconic acid; thé accompanying spectral changes are those characteristic 
of a cis + trans isomerization. 
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THE MECHANISM OF FORMATION OF 6-KETOADIPIC ACID 
BY BACTERIA* 


By W. R. SISTROM anv R. Y. STANTIER 


(From the Department of Bacteriology, University of California, 
Berkeley, California) 


(Received for publication, May 3, 1954) 


Many aromatic compounds are oxidized adaptively by bacteria with the 
formation of catechol (I) as the ultimate aromatic intermediate. Crude 
extracts prepared from cells which have been grown on one of the metabolic 
precursors (e.g., mandelic acid, benzoic acid, phenol, or tryptophan) con- 
tain a system of enzymes which converts catechol to 8-ketoadipic acid with 
the uptake of 2 atoms of oxygen (1-3). The first step in this reaction se- 
quence is the oxidative one. Hayaishi and Hashimoto (4) isolated the 
enzyme responsible, pyrocatechase, and reported that it oxidizes catechol 
toamuconic acid, which they postulated to be the cis-cis isomer (II). The 
stereochemistry of the muconic acids was obscure at the time of their work, 
but shortly afterwards all three geometrical isomers were prepared and 
characterized (5). The structure which Hayaishi and Hashimoto had as- 
signed to the muconic acid produced enzymatically from catechol was then 
confirmed by Evans, Smith, Linstead, and Elvidge (6) who examined the 
action of crude bacterial extracts from benzoate-grown cells on the three 
synthetic muconic acids and found that only the cis-cis isomer could be 
converted enzymatically to 6-ketoadipic acid. In an attempt to elucidate 
the mechanism for the conversion of muconic acid to 8-ketoadipic acid, 
Evans et al. (6) tested the action of crude extracts upon certain synthetic 
lactones related to the muconie acids, and found that one of them, y-car- 
boxymethyl-A*-butenolide (IIT), also gave rise to 6-ketoadipic acid. They 
suggested that the non-oxidative steps involve a conversion of cis-cis-mu- 
conic acid to this lactone, which then undergoes addition of water and 
rearrangement to yield the enol form of 8-ketoadipic acid (V), possibly via 


COOH COOH COOH OOH 
ll — +0 S . He oo} EY tHe oH 
“ iH a CH 
SO0H fol ee COOH 
I I I W V 
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the unknown 6,7-unsaturated lactone (IV). The proposed sequence there- 
fore comprises the steps illustrated in the scheme. 

Subsequent studies have shown that Fe** is essential for the activity of 
pyrocatechase (7) and that the conversion of cis-cis-muconic acid to 8. 
ketoadipic acid is stimulated by Mgt*, Mn*, or Cot (8). 

We have separated two enzymes concerned with the non-oxidative steps 
and have been able thereby to confirm the essential features of the reaction 
mechanism proposed by Evans et al. (6). The lactonizing enzyme converts 
cis-cis-muconic acid to (+)-y-carboxymethyl-A*-butenolide; it is this step 
which requires Mn**. The delactonizing enzyme converts (+ )-~y-carboxy- 
methyl-A*-butenolide (hereafter referred to as the lactone) to B-ketoadipic 
acid and appears to have no metal or other cofactor requirement. The 
evidence for these reactions, together with the isolation, assay, and prop. 
erties of the two enzymes, is described in the present communication. 


Materials and Methods 


Biological Materials—Pseudomonas fluorescens, strain A.3.12, was grown 
at 30° with vigorous aeration in a medium containing sodium DL-mandelate 
0.3 gm., NH,NO; 0.1 gm., MgSO,-7H.O 0.05 gm., CaCl.-2H:O 0.001 
gm., ferric ammonium citrate 0.005 gm., and Difco yeast extract 0.1 gm, 
all dissolved in 100 ml. of 0.05 m phosphate buffer (pH 6.8 to 7.0). The 
cells were harvested by centrifugation, washed once with 0.01 m phosphate 
buffer (pH 7.0), and stored until extracted at —10°. 

Chemicals—cis-cis-Muconic acid was prepared by oxidation of phenol 
with perpropionic acid under the conditions described for the peracetic acid 
oxidation (9).1_ The crude acid was recrystallized from boiling ethand. 
cis-trans-Muconic acid was prepared by inversion of the cis-cis isomer in 
boiling water and was recrystallized from water (10). ~-Carboxymethyl- 
A*-butenolide was prepared from crude cis-cis-muconic acid as described by 
Elvidge et al. (9). trans-trans-Muconic acid was kindly furnished by Dr. 
W. C. Evans. 

Absorption Spectra—The absorption spectra of the three muconic acids 
and of the lactone at pH 7.0 are presented in Fig. 1. Since our values dif- 
fer from those published previously (2, 5), the maximal molar extinction 
coefficients have been listed in Table I, as well as the values for the ex- 
tinction coefficients at the wave-lengths used in the spectrophotometric 
assays described below. 

Analytical Methods—Protein was determined by the biuret method of 

1 It is a pleasure to acknowledge our indebtedness to Dr. D. L. MacDonald for 


suggesting this modification of the usual peracetic acid oxidation, and for the us 
of his laboratory in carrying out the preparation. 
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Weichselbaum (10) as modified by Pardee.2 The percentage of nucleic 
acid was estimated by the spectrophotometric method of Warburg and 
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1 1 I ‘ r 
220 230 240 250 260 270 280 290 300 
WAVELENGTH Mu 
Fie. 1. Extinction curves of the three muconic acids (cis-cis, cis-trans, and trans- 
trans) and y-carboxymethyl-A*-butenolide. The muconic acids were dissolved in 
0.01 m phosphate buffer (pH 7.0) and the lactone in water. 


TaBLeE [ 
Extinction Coefficients of Muconic Acids and y-Carboxymethyl-A*-butenolide 


Molar extinction coefficients XK 1074 











Wave-length pH Muconic acids y-Carboxy- 
— methyl-A?- 
Cis-cis Cis-trans Trans-trans butenolide 
Maximum i © 2.04 (260 mu) | 2.36 (263 my) 
_ 7 1.73 (257 ‘ ) 1.97 (260 ‘*) | 2.61 (263 mz) 
- 13 1.62 (257 ‘*) | 1.89 (260 ‘ ) 
260 my* 7 1.69 1.97 0.004 
230 “ 7 1.06 1.15 0.152 





* Wave-lengths employed in the assays. Within the pH range used to study the 
enzymatic reactions, the extinctions do not differ materially from those recorded 
for pH 7.0. 


Christian (11). 8-Ketoadipic acid was estimated manometrically by cat- 
alytic decarboxylation with 4-aminoantipyrine (12). y-Carboxymethy]l- 
A"-butenolide was estimated as the hydroxamic acid by the method of 
Hestrin (13). 


* Personal communication from Dr. A. B. Pardee. 
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Manometric experiments were conducted with the conventional War. 
burg apparatus at a temperature of 30°. 

Spectrophotometric experiments were conducted in a Beckman mode 
DU spectrophotometer, equipped with a circulating water bath which 
maintained the cuvette carrier compartment at a temperature of 30°, 

Assay for Lactonizing Enzyme—lIt is apparent from the spectra of cis-cis. 
muconic acid and of the lactone (Fig. 1) that the disappearance of muconie 
acid may be followed spectrophotometrically without interference from the 
lactone at a wave-length of 260 mu. The assay was carried out in 1 em, 
quartz cells at 30°. The cell contained, in a final volume of 3 ml., 0.3 yy 
of cis-cis-muconic acid, 3 um of MnCl, 60 um of Tris* buffer (pH 8.0), and 
enzyme. The reaction was started by addition of substrate, and reading 
were made every 30 seconds. The rate of change of optical density is 
directly proportional to the concentration of enzyme within a 10-fold range 
of enzyme dilutions. The unit of activity is defined as that amount of 
enzyme catalyzing the disappearance of 1 uM of czs-cis-muconic acid per 
minute, equivalent to a decrease of 5.75 optical density units per minute 
under the conditions described. 

Assay for Delactonizing Enzyme—The disappearance of lactone can be 
followed spectrophotometrically at 230 my, since at this wave-length the 
absorption by 8-ketoadipic acid is negligible. The assay was carried out 
in 1 em. quartz cells at 30°. The cell contained, in a final volume of 3 ml, 
3 uM of the lactone, 60 um of phosphate buffer (pH 8.0), and enzyme. The 
reaction was initiated by addition of substrate, and readings were made at 
30 second intervals. The rate of change of optical density is directly pro- 
portional to the concentration of enzyme within a 10-fold range of enzyme 
dilutions. The unit of activity is defined as that amount of enzyme caus- 
ing the disappearance of 1 um of lactone per minute, equivalent to a de- 
crease of 0.476 optical density unit per minute under the conditions de- 
scribed. 


Results 


Isolation and Separation of Enzymes—All manipulations were carried 
out at a temperature of 2—4°, unless otherwise noted. Cells were disin- 
tegrated either by grinding with alumina (2.5 gm. per gm. of wet packed 
cells) and extracting with phosphate buffer (0.01 m, pH 7.0) or by treatment 
of a cell suspension (20 gm. wet packed cells per 100 ml. buffer) in a water- 
cooled Raytheon 9 ke. oscillator for 20 minutes. In either case the ex- 
tract was centrifuged to remove coarse débris. The very viscous super 
natant fluid was made 0.01 m with respect to magnesium sulfate, and 
approximately 0.2 mg. of crystalline deoxyribonuclease (Worthington) was 


3 Tris(hydroxymethyl)aminomethane. 
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added per 100 ml. of extract, after which the mixture was incubated for 
10 minutes at 30°. This treatment reduced the viscosity and facilitated 
the further handling of the extract. The extract was centrifuged for 40 
minutes at 20,000 X g to remove the particulate fraction. The super- 
natant fluid (Fraction I) was diluted, if necessary, to a protein concen- 
tration of about 15 mg. per ml. Solid ammonium sulfate was added, and 
the protein precipitating between 25 per cent and 75 per cent saturation 
(Fraction II) was dissolved in 0.01 m phosphate (pH 7.0) and dialyzed 
overnight against 0.01 m phosphate-0.01 m cysteine (pH 7.0). The pro- 
tein concentration was adjusted to 15 mg. per ml., the pH was adjusted to 
6.0 to 6.2 with acetic acid, and a 2 per cent solution of protamine sulfate 
(pH 5.0) was added slowly. From time to time the precipitate was re- 
moved by centrifugation, and the ratio of the optical density at 280 my 
to that at 260 my was determined on the supernatant liquid; when this 
reached a value of about 0.8, the protamine treatment was stopped. The 
extract (Fraction III) was dialyzed overnight against phosphate-cysteine 
buffer and then refractionated by the addition of neutral, saturated am- 
monium sulfate. Fractions were collected at 0.37 saturation (Fraction 
IVa), 0.5 saturation (Fraction IVb), and 0.75 saturation (Fraction IVc). 
All were virtually free of nucleic acid (280: 260 ratio 1.52 or higher). This 
procedure almost completely separates the lactonizing enzyme (mostly in 
Fraction IVa) and the delactonizing enzyme (mostly in Fraction IVc). 
After dialysis overnight against phosphate-cysteine buffer, Fractions IVa 
and [Vc were stored at —10°. Both enzymes are stable under these con- 
ditions for several weeks at least. Table Il summarizes the results of a 
typical fractionation. The specific activity of the lactonizing enzyme is 
increased about 15 times and that of the delactonizing enzyme about 5 
times by this method of isolation. 

Enzymatic Formation and Decomposition of Lactone—As mentioned in the 
introduction, crude bacterial extracts convert catechol to an equimolar 
quantity of B-ketoadipic acid. When 8-ketoacid formation by a crude 
extract at the expense of synthetic cis-cis-muconic acid and of the synthetic 
lactone was determined, it was found that the muconic acid also gave an 
equimolar yield, but that only 0.5 mole of 8-ketoacid was formed per mole 
of lactone furnished. Since the lactone is asymmetric about the y-carbon 
atom, this experiment suggested that the delactonizing enzyme was stere- 
ospecific, an assumption confirmed by the spectrophotometric experiment 
in Fig. 2. Curves 1 and 2 represent the changes in optical density at 230 
my Which occurred on addition of a crude extract to the synthetic lactone 
(Curve 1) and to the natural isomer (Curve 2), prepared as described below. 
With the synthetic lactone as a substrate, the optical density of the re- 

action mixture at 230 my fell to about half its initial value, whereas with 
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TABLE II 


Separation of Lactonizing and Delactonizing Enzymes 








Lactonizing enzyme Delactonizing enzyme 
Fraction 
Units activity? Yieldt Units pond Yield? 
| per cent per ail 
I. Original supernatant | 11,600 1.1 | 100 10,900 1.0 100 
II. 1st ammonium sulfate ppt.) 13,700 | 1.7 | 100 5,600 | 0.7 | 51 
III. Protamine supernatant 8,100 2.4 70 | 5,800 | woe 51 
1Va. 0.25-0.37 saturated am- | 4,600 | 16.5 | 40 | 48 Ca. | | 
monium sulfate | 
IVb. 0.37-0.50 saturated am-| 900| 1.4] 8 | 680 1.0 | 6 
monium sulfate | 
IVc. 0.50-0.75 saturated am- | 8 | | 4,300 5.1 4) 
monium sulfate | | | | 








* Units per mg. of protein. 
t Based on the activity of Fraction I. 
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Fig. 2. Substrate specificity of the delactonizing enzyme. Curves 1 and 2 repre- 
sent the changes in optical density observed as a result of enzyme action on the 
synthetic lactone (Curve 1) and on the (+)-isomer (Curve 2). Each cuvette con- 
tained 30 um of phosphate buffer (pH 7.2), 3 um of substrate, and 2.4 units of delacton- 
izing enzyme in a volume of 3.0 ml. The reactions were initiated by addition of sub- 
strate. Curve 3 represents the changes in optical density observed as a result of 
adding the lactonizing and delactonizing enzymes successively to cis-cis-muconit 
acid. The cuvette contained initially 1 um of cis-cis-muconic acid, 3 um of MnCh, 
30 um of Tris buffer (pH 8.0), and 0.15 unit of lactonizing enzyme in a volume of 30 
ml. The reaction was started by addition of substrate. At the time indicated by 
the arrow, delactonizing enzyme (0.1 unit) was added. 
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the same concentration of the natural isomer it fell to a negligible final 
value. 

Curve 3 of Fig. 2 shows the optical density changes at 230 mu which 
occur as a result of the successive addition of the purified lactonizing and 
delactonizing enzymes to cis-cis-muconic acid. The reaction was started 
by addition of the lactonizing enzyme, and the initial rapid drop in Dox 
reflects the disappearance of cis-cis-muconic acid (which has a much higher 
extinction coefficient at this wave-length than the lactone). After com- 
pletion of the lactonizing reaction, as indicated by the attainment of a 
stable optical density, delactonizing enzyme was added. Do3) thereupon 
fell rapidly to a negligible final value, indicating that the product formed 
by the lactonizing enzyme is completely utilized by the delactonizing en- 
zyme. 

Isolation of Two Stereoisomers of Lactone—The natural isomer of the 
lactone was prepared from cis-cis-muconic acid by the action of the pur- 
ified lactonizing enzyme. The reaction mixture contained initially 4 mm 
of cis-cis-muconic acid, 1.5 mm of MnCl:, 10 mm of phosphate buffer (pH 
6.0), and 150 units of lactonizing enzyme in a total volume of 200 ml. As 
will be shown later, at pH 6.0 the equilibrium between cis-cis-muconic acid 
and the lactone is very far in the direction of the lactone. The course of the 
reaction was followed by determining the optical densities of diluted samples 
at 230 and 260 mu. It was complete after incubation for 2 hours at 30°. A 
precipitate (manganous phosphate) was removed by centrifugation. The 
supernatant fluid was shaken with chloroform to remove protein and evap- 
orated in vacuo (bath temperature 30°) to a volume of 60 ml. This solution 
was treated with charcoal, acidified to pH 2.5 with sulfuric acid, and ex- 
tracted continuously for 48 hours with ether. The ether was evaporated, 
and the resulting yellow syrup was taken up in 10 ml. of absolute alcohol, 
decolorized with charcoal, and dried in vacuo over Drierite for 12 hours. 
Crystallization of the syrup occurred when the container was scratched. 
The yield was 730 mg. of a yellowish crystalline material. After recrys- 
tallization from ethyl acetate-benzene, the melting point was 76-77.5° 
(uncorrected). The spectrum was identical with that of chemically pre- 
pared y-carboxymethyl-A*-butenolide. 

Preliminary experiments showed that whole cells readily oxidized the 
lactone, attacking only the natural isomer. Hence the unnatural isomer 
was prepared by allowing a cell suspension to oxidize the synthetic lactone, 
a procedure preferable to resolution by treatment with the delactonizing 
enzyme, which would have resulted in an accumulation of 6-ketoadipic acid. 
A suspension of mandelate-grown cells at a density of 375 Klett units (red 
filter) in 100 ml. of 0.05 m phosphate buffer (pH 7.0) was incubated aerobi- 
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cally with 500 mg. of synthetic lactone at 30°. The course of the reaction 
was followed by determining the optical density at 230 my on suitably 
diluted samples, read against a similar bacterial suspension without sub- 
strate. When the reaction was complete, the cells were removed by cen- 
trifugation and the residual lactone was isolated from the supernatant 
liquid by the procedure used for the isolation of the natural lactone. A 
crystalline product (80 mg.) melting at 78-79° (uncorrected) was obtained, 
It was spectrally identical with the synthetic lactone and with the com. 
pound prepared enzymatically from cis-cis-muconic acid. 

Some physical properties of the stereoisomers and of the synthetic lactone 
are presented in Table III. It is clear that the two compounds isolated 


TaBLeE III 


Physical Properties of (+) and (—) Isomers of y-Carboxymethyl-A*- 
butenolide and of Racemic Mixture 





- “ 
Rp values 











" Z M.p. 2 
Substance a lelp Se 
Solvent A*|Solvent B 
: as - a 8G ce 0 om y ; 

1. Racemic mixture... 109 0.62 0.63 
2. (+) isomer (natural lactone). , 76- 77.5 +53.2 0.62 0.63 
3.(-) “ (unnatural lactone) 78- 79 —50.7 0.62 0.62 
4. Mixture of (2) and (3)T... rsecene ct Senne | 





* Solvent A, ether 70 ml., benzene £0 ml., formic acid 14 ml., water 10 ml.; Sol- 
vent B, pyridine 10 ml., ethyl acetate 10 ml., water 10 ml. 

t Equal amounts of the (+) and (—) isomers were recrystallized together froma 
small volume of boiling ethyl acetate. 


are the enantiomorphs of y-carboxymethyl-A*-butenolide. Since the (—)- 
lactone was prepared by a resolution of the racemic mixture, it may have 
been contaminated to a small extent with the (+) isomer, which would 
explain its slightly lower specific rotation. 

Evidence for Direct Enzymatic Formation of Lactone—Although the prod- 
uct isolated after action of the lactonizing enzyme on cis-cis-muconic acid 
had been unequivocally identified as (+)-y-carboxymethyl-A*-butenolide, 
it seemed possible that the actual product of the enzymatic reaction might 
be the corresponding hydroxy acid, HOOC—CH.—CHOH—CH=CH- 
COOH, which had lactonized during isolation. This possibility was ex 
cluded by the observations (a) that the product of the enzymatic reae- 
tion forms a hydroxamic acid and (b) that the reaction is accompanied 
by the disappearance of nearly 1 equivalent of acid. 

At pH 8.0, action of the lactonizing enzyme on cis-cis-muconic acid 
yielded 0.88 mole of lactone, as estimated by hydroxamic acid production, 
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per mole of substrate supplied (average of three determinations). The 
reaction is a reversible one, and, corrected for the incomplete conversion of 
the substrate (see Table IV), the observed hydroxamic acid formation is 
93 per cent of theory. 

When the reaction was conducted at pH 8.0 in bicarbonate buffer and an 
atmosphere containing 5 per cent COs, manometric measurements showed 
the disappearance of 0.73 equivalent of acid per mole of substrate supplied 
(average of three determinations). Even after correction for incomplete 
conversion (see Table IV) the observed value is somewhat low (77 per cent 
of theory), a fact attributable to the difference in pK values between the 
lactone (approximately 4) and the stronger carboxyl group of muconic acid 
(approximately 5). 


TaBLe IV 
Effect of pH on Equilibrium between cis-cis-Muconic Acid and (+)-Lactone 








(+)-lactone 


Buffer pH K* X 108 Molar ratio ————._——_ 
cis-cis-muconic acid 
Glycine 9.0 34 3.4 
Tris. . 8.0 12.8 12.8 
Penk 7.5 7.9 24.6 
Histidine. . . 6.5 2.9 91 
Succinate ss 6.0 1.0 100 
*K = ((+)-lactonate—)/(cis-cis-muconate™) (H*). Substrate, muconic acid. 


The final concentration of cis-cis-muconic acid was determined from the optical 
density at 260 my; the final concentration of the lactone was estimated by difference 
from the amount of cis-cis-muconic acid initially present (1.2 um). 


These experiments show that the first step in the enzymatic rearrange- 
ment of cis-cis-muconic acid is in fact a lactonization and that the lactone 
is stable in neutral aqueous solution. 

Equilibrium between cis-cis-Muconic Acid and Lactone—The amounts of 
cis-cis-muconic acid and of the lactone present in mixtures can be calculated 
from measured optical densities at 230 and 260 my. The data in Fig. 3, 
which have been so calculated, reveal the freely reversible nature of the 
reaction catalyzed by the lactonizing enzyme. The approach to equi- 
librium at pH 9.0, starting both from cis-cis-muconic acid and from the 
lactone, is shown in Fig. 4. 

The ratio of muconic acid to lactone at equilibrium is markedly affected 
by pH, since H+ is a reactant: cis-cis-muconate= + H+ = lactonate-. 

Equilibrium ratios at a series of hydrogen ion concentrations are pre- 
sented in Table IV. The calculated equilibrium constants increase with 
increasing pH, doubtless as a result of changes in the concentration of the 
reacting species. 
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Substrate Specificity of Lactonizing Enzyme—It has been reported pre. 
viously (2, 6) that crude bacterial extracts cannot attack the cis-trans and 
trans-trans isomers of muconic acid. A more rigorous test with the pv. 
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Fig. 3. Reversibility of the reaction between cis-cis-muconic acid and the (+). 
lactone. The cuvette contained initially 0.27 unit of lactonizing enzyme, 0.2 ux 
of cis-cis-muconic acid, 3 um of MnCle, and 1.25 mm of glycine buffer (pH 9.0) ina 
volume of 3.0 ml. The reaction was initiated by addition of substrate. Further 
additions were made as indicated. 
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Fig. 4. Demonstration of the equilibrium between cis-cis-muconic acid and 
(+)-lactone. Each cuvette contained 1.25 mn of glycine buffer (pH 9.0), 3.0 um of 
MnCl, 2.0 um of substrate, and 0.27 unit of lactonizing enzyme in a volume of 3 
ml. The reactions were started by the addition of substrate. Cuvette A, cis-cis- 
muconic acid; Cuvette B, (+)-lactone. 
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rified lactonizing enzyme (used at much higher concentrations than those 
employed in previous work) confirmed the inertness of the trans-trans 
jsomer, but revealed that the cis-trans isomer can be utilized at a rate ap- 
proximately 0.02 per cent of that at which the cis-cis isomer is utilized, as 
measured by decrement in optical density at 260 mu. 

The data presented in Figs. 3 and 4 show that the (+) isomer of the 
lactone is converted only to the cis-cis isomer of muconic acid; hence the 
product formed from cvs-trans-muconic acid cannot be the (+)-lactone. 
It seemed possible that the lactonizing enzyme might catalyze a reversible 
reaction between cis-trans-muconic acid and the (—)-lactone, and this 





OPTICAL DENSITY AT 260 Mu 
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Fic. 5. Demonstration of the equilibrium between cis-trans-muconic acid and 
(—)-lactone. Each cuvette contained 16 units of lactonizing enzyme, 0.3 um of 
substrate, 0.15 mm of Tris buffer (pH 8.0), and 3 um of MnCl, in a volume of 3.0 ml. 
The reactions were started by addition of substrate. 
acid; Cuvette B, (—)-lactone. 


Cuvette A, cis-trans-muconic 
possibility was strengthened by the observation that at high concentra- 
tions the enzyme can act upon the (—)-lactone to form a product with a 
strong light absorption at 260 my. Fig. 5 presents the changes in optical 
density at 260 my resulting from the action of the lactonizing enzyme on 
cis-trans-muconic acid and on the (—)-lactone; with equimolar quantities 
of the two compounds the same final optical density at 260 muy is attained, 
suggesting the existence of an enzymatically catalyzed equilibrium be- 
tween them. On the assumption of such an equilibrium, the final ratio of 
(—)-lactone to cis-trans-muconic acid is 0.25, a markedly different value 
from the equilibrium ratio of 12.8 which is attained between the (+ )-lac- 
tone and cis-cis-muconic acid at the same pH. 

The existence of this reaction was confirmed by demonstrating the for- 
mation of the cis-trans isomer of muconic acid from the (—)-lactone. The 
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reaction was conducted in a mixture (8.1 ml.) containing initially 10.7 mg. 
(75 um) of (—)-lactone, 0.5 mm of phosphate buffer (pH 8.0), 10 um of MnCl, 
and 765 units of lactonizing enzyme. Its course was followed by periodic 
determination of optical densities at 230 and 260 my on diluted samples, 
When no further optical density changes occurred, the mixture was acid- 
ified to pH 2.5 with H,SO, and extracted five times with 20 ml. portions of 
ether. The combined ether extract was washed with 2 ml. of 0.1 n HC], 
dried, and evaporated. The resulting syrup was dried in vacuo to a yellow 
powder, which was dissolved in absolute ethanol and treated with char. 
coal. It should be noted that with such brief ether extraction the residual 


TABLE V 
Optical Densities at Various Wave-Lengths of Product of Back-Reaction with 
(—)-Lactone, of Reisolated cis-cis-Muconic Acid, and of Pure cis-cis- and 
cis-trans-Muconic Acids 





Optical densities 


Wave-length a 


Reaction Pure cis-trans- Reisolated cis-cis- Pure cis-cis- 

product muconic acid muconic acid muconic acid 
mp 
230 0.838 0.814 0.885 0.864 
240 1.014 1.000 1.099 1.109 
250 1.270 1.270 1.370 1,380 
254 1.359 1.362 1.438 1.450 
256 1.394 1.400 1.452 1.461 
260 1.430 1.430 1.430 1.430 
270 1,222 1.210 1.082 1.078 
280 0.682 0.673 0.536 0.518 





lactone remains largely in the aqueous phase. Since cis-cis-muconic acid 
‘an be readily inverted to the cis-trans isomer in acid solution, a control 
experiment was conducted by subjecting 8 mg. of pure cis-cis-muconic acid 
to the isolation procedure described above. 

The absorption spectra of the reaction product and of the reisolated 
cis-cis-muconic acid were then compared with those of the pure cis-cis and 
cis-trans isomers. This comparison was made by measuring all spectra on 
solutions which had the same optical density (1.430) at 260 mu. The ab- 
sorption spectrum (Table V) of the reaction product agreed closely with 
that of cis-trans-muconic acid over the range from 240 to 290 mu, whereas 
the reisolated cis-cis-muconic acid and the pure cis-cis isomer were spee- 
trally indistinguishable from one another over the same range. These data 
show that czs-cis-muconic acid is not inverted by the isolation procedure 
employed; hence the spectral identity of the isolated product of the back- 
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reaction with cts-trans-muconic acid cannot be attributed to inversion of 
the immediate enzymatic product. When treated with the lactonizing 
enzyme, the product of the back-reaction was utilized at a rate essentially 
identical with that for pure cis-trans-muconic acid. It is thus clear that 
this material must be c7s-trans-muconic acid. 


TaBLe VI 
Activity of Lactonizing Enzyme in Presence of EDTA and of Mn++ 
Each cuvette contained 60 uM of Tris buffer (pH 8.0), 2 um of EDTA, 3 um of MnCl. 
(where indicated), and the substrate as shown in a volume of 3.0 ml. The rates 
with the natural substrates were obtained with about 0.02 unit of enzyme; those 
with the unnatural substrates with about 6 units. 


Muconic acid formed or decomposed per min 
per 100 units lactonizing enzyme 


Substrate aks Se os ors 
+ EDTA + EDTA + Mn** 
= uM uM 
cis-cis-Muconic acid (0.3 uMm).. SG 0 100 
cis-trans-Muconic acid (0.3 um) 0 0.032 
(+)-Lactone (3.0 um) 0 19 


(—)-Lactone (3.0 ‘‘ ) 0 0.053 


TaBLe VII 
Effect of Various Metals on Activity of Lactonizing Enzyme 


Standard assay conditions. Cations added as the chlorides, except for Co(NOs)> 
and FeSOx. 











Metal Final concentration of metal } ma met | be oF pres and in 
caine . " — | : —es Ss ot 
Mn++ | 0.001 275 
Mg*+ | 0.001 130 
Cot* 0.001 85 
Fet*+ 0.0001 85 
Al*+++ 0.001 60 
Ca** 0.001 25 
Fe** 0.0001 11 








Other Properties of Lactonizing Enzyme—Suda et al. (8) reported that the 
crude system which converts cis-cis-muconic acid to B-ketoadipic acid re- 
quires divalent metals for activity. This requirement is specifically as- 
sociated with the lactonizing enzyme, which shows increased activity in 
the presence of metal ions, and can be completely inhibited by ethylene- 
diaminetetraacetic acid (EDTA). The inhibition of enzyme action on all 
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four substrates by EDTA and the reversal of this inhibition by' Mn* are 
presented in Table VI, and the effect of various metals on the activity of 
the lactonizing enzyme in Table VII. Exhaustive dialysis against de- 
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Fig. 6. Effect of substrate concentration on activity of the lactonizing enzyme. 
The reaction mixture contained 0.01 unit of lactonizing enzyme, 3 um of MnCl, 30 
uM of Tris buffer (pH 8.0), and the indicated amounts of cis-cis-muconic acid in a 
total volume of 3.0 ml. 
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Fig. 7. Effect of substrate concentration on activity of the delactonizing enzyme. 
The reaction mixture contained 0.05 unit of delactonizing enzyme, 30 uM of phos- 


phate buffer (pH 8.0), and the indicated amounts of (+)-lactone in a final volume of 
3.0 ml. 





RATE, MICROMOLES PER MINUTE 


mineralized water failed to reduce the activity in the absence of added 
metals. 

The pH optimum for the lactonizing enzyme lies between 7.0 and 8.0. 
The dependence of rate on substrate concentration with cis-cis-muconic 
acid is illustrated in Fig. 6; the half saturating concentration calculated 
from these data is 9.8 X 10-5 m. 
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Properties of Delactonizing Enzyme—The delactonizing enzyme catalyzes 
an essentially irreversible conversion of the (+)-lactone to 8-ketoadipic 
acid; no other substrate is known. The (—)-lactone does not inhibit, even 
at a concentration 5 times that of the substrate. 

The delactonizing enzyme is not inhibited by EDTA, and no cofactor 
requirement has been observed. 

The pH optimum is about 7.5. The dependence of rate on substrate 
concentration is shown in Fig. 7; the half saturating concentration calcu- 
lated from these data is 7.8 K 10-° a. 


DISCUSSION 


Réle of Lactone in Conversion of Catechol to 8-Ketoadipic Acid—The re- 
sults reported in this paper establish unequivocally the intermediate réle of 
y-carboxymethyl-A*-butenolide in the bacterial conversion of catechol to 
§-ketoadipic acid: this lactone has been produced enzymatically from cis-cis- 
muconic acid by the purified lactonizing enzyme and converted to 6-keto- 
adipic acid by the purified delactonizing enzyme. Furthermore, it has 
been shown that only the dextrorotatory isomer is involved in the con- 
version. The mechanism whereby the lactone is converted to §-keto- 
adipic acid remains obscure, and it is possible that more than one enzyme 
is involved, although we have obtained no direct evidence for this. At 
least three chemical steps must occur: migration of the double bond, hy- 
drolysis of the lactone ring to yield the enol form of 6-ketoadipic acid, and 
ketonization. The order in which the first two steps take place is un- 
certain, and either or both may be enzymatic. The third step is undoubt- 
edly a spontaneous one. 

Stereochemistry of Lactonization—The most unexpected feature of the 
present work has been the demonstration that the lactonizing enzyme can 
catalyze parallel reversible reactions between cis-cis-muconic acid and the 
(+)-lactone, on the one hand, and cis-trans-muconic acid and the (—)- 
lactone, on the other. Such a situation implies that the enzyme can dis- 
criminate between the two component bonds of the 7,6 double bonds of 
the muconic acids, and between the 2 6-hydrogen atoms of the lactone. 
As we have pointed out elsewhere (14), it can be explained on the basis of 
the “three point attachment” hypothesis. 

The most closely analogous enzymatic reaction to those catalyzed by the 
lactonizing enzyme is the interconversion of fumaric and L-malic acids by 
fumarase. Fumarase, however, has a strict steric specificity and can at- 
tack neither maleic acid nor p-malic acid (15). It should be noted that 
the steric difference between maleic and fumaric acids is much greater than 
that between cis-cis- and cis-trans-muconic acids. 

The complete lack of activity of trans-trans-muconic acid as a substrate 
for the lactonizing enzyme is explainable by the fact that a cis configuration 
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about one of the double bonds is necessary for lactonization; in fact, the 
inability of the trans-trans isomers in the muconic acid series to undergo 
chemical lactonization has been used as one of the proofs of their steric 
configuration (9). The trans-trans isomer is also unable to function ag q 
competitive inhibitor of the lactonizing enzyme, which suggests that the 
cis configuration about the second double bond also plays a réle in the for. 
mation of the enzyme-substrate complex. 


SUMMARY 


1. Two enzymes involved in the conversion of cis-cis-muconie acid to 
B-ketoadipic acid have been isolated and characterized. 

2. The lactonizing enzyme catalyzes a reversible interconversion of cis. 
cis-muconic acid and (+ )-y-carboxymethyl-A*-butenolide, and also a very 
much slower interconversion of cis-trans-muconic acid and (—)-y-carboxy- 
methyl-A*-butenolide. Mn** is required for full activity. 

3. The delactonizing enzyme catalyzes an essentially irreversible con- 
version of (+ )-y-carboxymethyl-A*-butenolide to 6-ketoadipic acid. It js 
stereospecific. No cofactor requirements were found. 

4, The two enantiomorphs of y-carboxymethyl-A*-butenolide have been 
prepared by biochemical means and characterized. 
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INDEPENDENT ANTAGONISM OF AMINO ACID 
INCORPORATION INTO PROTEIN* 


By M. RABINOVITZ, MARGARET E. OLSON, ann DAVID M. GREENBERG 


(From the Department of Physiological Chemistry, University of California 
School of Medicine, Berkeley, California) 


(Received for publication, February 9, 1954) 


Studies by Cannon (1) and by Geiger (2) have demonstrated that all 
nutritionally essential amino acids must be simultaneously available to 
permit the net increase in protein which occurs during the growth of ani- 
mals. This requirement for all amino acids to be present during the syn- 
thesis of a protein molecule has been indicated to hold in the phenomenon 
of incorporation of radioactive amino acids into protein. Thus Borsook 
and coworkers have reported that the incorporation of several radioactive 
amino acids into the proteins of reticulocytes (3) is stimulated when the 
incubation is carried out in the presence of a mixture of non-radioactive 
amino acids. Also, in this laboratory (4) an increased incorporation of 
radioactive amino acids into the protein of rat liver particulate prepara- 
tions was observed if certain other non-radioactive amino acids were pres- 
ent in the medium. Such results imply that the basal incorporation, 
which occurred in the absence of the additional amino acids, was depend- 
ent upon the presence of the normal free amino acid pool. 

This concept was investigated in the intact rat by Simpson, Farber, and 
Tarver (5). By injection of ethionine, supposedly a specific methionine 
antagonist, these workers found that not only was an inhibition of incorpo- 
ration of radioactive methionine into liver protein elicited, but also an inhi- 
bition of glycine incorporation. The inhibition of glycine incorporation 
could be relieved by the simultaneous administration of methionine with 
the ethionine. However, ethionine had a negligible effect on incorpora- 
tion of methionine into kidney protein. These workers point out that a 
major limitation inherent to such studies in vivo is the uncertainty of the 
antagonist-metabolite ratio existing in any one tissue over a period of 
time. More recently, Francis and Winnick (6) have studied the effect 
of amino acid antagonists on the incorporation of radioactive amino acids 
into the protein of chick embryo heart in tissue culture. They also found 
that the antagonists inhibited the incorporation of amino acids other than 
the corresponding metabolite and present this as possible support for the 
obligatory simultaneous incorporation of all amino acids. 


* Aided by grants from the Damon Runyon Memorial Fund for Cancer Research, 
Ine., and the Cancer Research Funds of the University of California. 
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In the present work the relationship was investigated between the jp. 
corporation of phenylalanine and that of valine, leucine, and lysine into 
the protein of the Ehrlich ascites carcinoma in vitro, during both short and 
long term incubations. The incorporation of the latter three amino acids 
was studied under conditions in which that of phenylalanine was severely 
inhibited by the antagonists o-fluorophenyl-pL-alanine (o-FPA) and 8-2. 
thienyl-pL-alanine (8-2-TA). The data indicate that other amino acids 
can enter the protein at optimal initial rates under conditions in which 
incorporation of phenylalanine is severely inhibited. 


EXPERIMENTAL 
Materials and Methods 


The following radioactive amino acids (in microcuries per mg.) wer 
used in these studies: pit-phenylalanine-3-C™ hydrochloride 1.55, pL-leucine. 
3-C™ hydrochloride 5.1, pi-valine 4,4’-C™ hydrochloride 6.0, pt-lysine-2. 
C™ hydrochloride 1.7, pui-norleucine-3-C™ hydrochloride 21, and pt-nor. 
valine-3-C™ hydrochloride 17.7. The radioactive phenylalanine and lysine 
were products of Tracerlab, Inc., Boston, and the other amino acids were 
prepared under contract by the Bio-Organic Section of the Radiation Lab- 
oratory of this University. The natural amino acids! were pure with 
respect to radioactivity as indicated by radioautographs of paper chromat- 
ograms. Some radioactive impurities were present in the norleucine and 
norvaline, the latter being contaminated with a trace of radioactive propi- 
onate. These impurities, however, did not interfere with our use of these 
amino acids. The corresponding non-radioactive amino acids used were 
products of the Nutritional Biochemicals Corporation of Cleveland, Ohio, 
as was the 6-2-TA. The o-FPA was a gift of Dr. Carl Niemann of the 
California Institute of Technology. These two phenylalanine analogues 
are effective antagonists for phenylalanine in the growth of young rats (7, 8), 

The Ehrlich ascites carcinoma was transplanted by intraperitoneal in- 
jection of 0.2 ml. of the ascites suspension into C3H male mice. Animals 
which had been inoculated 6 to 11 days previously were used in these 
studies. They were sacrificed by cervical dislocation, and the ascites sus 
pension was removed from the abdomen through an incision. The cells 
were separated from the fluid by centrifugation at 1000 X g for 2 minute 
at room temperature. They were then washed three times by suspension 
in a modified Krebs-Ringer buffer and sedimented as described above. 
The buffer, which had the following composition, 0.122 m sodium chloride, 
1.3 X 10-° m potassium chloride, 1.8 X 10-* m calcium chloride, 6.5 X I 
M magnesium sulfate, and 0.01 m sodium phosphate buffer, pH 7.2, had 

1 The term natural amino acid here refers to the racemic mixture of an amino acid 
which has a side chain that occurs in proteins. 
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been found to be optimal for incorporation studies with cell suspensions of 
the Gardner lymphosarcoma (9). The separation and washing procedure 
required approximately 15 minutes and permitted the manual removal of 
erythrocytes which were occasionally present in the ascitic fluid. 

After the third washing, the packed cells were mixed with sufficient 
medium to give a 1:2 suspension. 0.5 ml. of this, corresponding to ap- 
proximately 5 X 10’ cells, was added to the side arm of a standard War- 
burg flask. The main compartment of the flask contained the phenylala- 
nine antagonist and the radioactive amino acid in varying concentrations. 
All solutions except those containing radioactive amino acid were prepared 
in the buffer. The radioactive amino acids were dissolved in water, and 
a total volume of 0.2 ml. of the radioactive amino acid or water was added 
to the flasks in all experiments. A final incubation volume of 2.0 ml. was 
used. 

In the kinetic experiments, a second side arm contained 0.05 ml. of 40 
per cent trichloroacetic acid (TCA). After a temperature equilibration 
period of 5 minutes, the cells were tipped into the medium and incubated 
for 15 minutes in air at 37°. This short incubation period was used to per- 
mit a linear rate of incorporation for the lowest concentration of radioactive 
amino acid. After the incubation, incorporation was stopped by tipping 
inthe TCA. The TCA precipitate was washed by suspension and sedi- 
mentation once in 10 per cent TCA, three times in 5 per cent TCA, once in 
5 per cent TCA at 90° for 15 minutes, washed once in absolute ethanol, 
suspended three times in 3:1 ethanol-ethyl ether at 65° for 5 minutes, and 
then washed twice with absolute ethyl ether. When dry, the proteins were 
plated from 1:3 ethyl ether-petroleum ether mixture on aluminum disks 
and were then counted in a gas flow counter to a probable error not exceed- 
ing 5 per cent. 

In permeability experiments all operations after the incubation and be- 
fore lysis of the cells were carried out at 37°. At the end of the incubation 
period the cells and medium were poured into a 12 ml. centrifuge tube and 
centrifuged at 1000 X g for 2 minutes. The supernatant fluid was dis- 
carded, and the cells were washed with 2 ml. of the modified Krebs-Ringer 
buffer. Experiments in which Evans blue was used as indicator demon- 
strated that with each separation approximately 5 per cent of the super- 
natant medium adhered to the cells and that, therefore, one washing should 
suffice to remove radioactivity present in the adhering medium to a level 
which would not interfere with the radioactivity determination of the cell 
extract. The packed cells were then suspended in 1.0 ml. of distilled water 
and lyzed with 0.3 ml. of 0.15 N ammonium hydroxide. Following the 
lysis, 0.3 ml. of 0.03 m carrier amino acid was added. The gel which formed 
was disintegrated by at least ten successive freezings in a dry ice-methy]l 
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Cellosolve bath. Under such conditions over 95 per cent of the intact 
cells were disintegrated. The protein was then precipitated by the addition 
of 0.5 ml. of 20 per cent TCA and washed as described previously, weighed, 
and counted. The supernatant fluid of the TCA precipitation, which con. 
tained the non-protein intracellular radioactivity, was extracted five times 
with 5 ml. of ethyl ether to remove the TCA and was then made just alkaline 
to phenolphthalein with less than 0.01 ml. of 3 N sodium hydroxide. Ajj. 
quots of this extract were plated in triplicate on aluminum disks and 
counted in the gas flow counter. 


Characteristics of Amino Acid-Incorporating System 


In order to estimate the extent of incorporation of amino acids by a 
mechanism other than the usual metabolic processes, a comparison was 
made between incorporation into the ascites cell protein of labeled carbon 
from leucine and norleucine and from valine and norvaline. At an amino 
acid concentration of 1.45 X 10-* m, leucine carbon was incorporated at a 
rate 300 times that of norleucine and valine carbon at a rate 100 times that 
of norvaline. The magnitude of incorporation of the carbon from the un- 
natural amino acids may be considered negligible in the experiments re- 
ported here and indicates the high order of specificity of the incorporative 
process. 

The rate of incorporation of the natural amino acids at their optimal 
concentrations is indicated by the ordinate intercepts in Figs. 1 to 3. 
The extent of incorporation during a 3 hour incubation is recorded in Table 
III. These values are of the same order as those reported by others (3, 10) 
for other intact cell suspensions. 

Also, the specific activity of proteins from inhibited and uninhibited in- 
corporations was stable to performate oxidation.2 These experiments in- 
dicate that the incorporation of the radioactive natural amino acids repre- 
sents the formation of a peptide bond, although neither pure proteins nor 
peptide degradation products were isolated. 


Inhibition of Phenylalanine Incorporation by o-FPA and B-2-TA 


In incubations performed with one concentration of antagonist, the de- 
gree of inhibition decreased with increasing concentrations of phenylala- 
nine. That this inhibition was strictly competitive is indicated by the 
method of plotting the Michaelis-Menten equation introduced by Line- 
weaver and Burk (11) and shown in Fig. 1. In these studies, it is assumed 
that the antagonists act as competitive inhibitors and not as competitive 
substrates. 


2 The protein was dissolved in 1.8 ml. of formic acid containing 0.2 ml. of 30 per 
cent hydrogen peroxide and remained at room temperature for 24 hours. 





The 11 
cent inh 
method 
conditior 
for o-F P 
5 times | 
one leve 
demonst 


Fig. 1. 
of the Ehi 
1, inhibiti 
phenylala 
asin A, bt 
tion is exy 
the 15 mir 


Antag 
amino a 
with ine 
demonst 
was obse 
tagonists 
studied. 
the other 


de- 
ala- 
the 
ne- 
med 
itive 


() per 





M. RABINOVITZ, M. E. OLSON, AND D. M. GREENBERG 841 


The inhibition ratio (molar ratio of antagonist to amino acid for 50 per 
cent inhibition) was calculated from the linear equations obtained by the 
method of least squares from the normal and inhibited data. Under the 
conditions of these experiments, an inhibition ratio of 20:1 was obtained 
for o-FPA and one of 100:1 for 8-2-TA. Thus o-FPA may be considered 
5 times as potent an antagonist as 6-2-TA. Experiments performed with 
one level of amino acid and several levels of both o-FPA and 8-2-TA also 
demonstrated this same relative antagonist potency. 
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Phenylalanine Molarity 

Fig. 1. The inhibition of radioactive phenylalanine incorporation into the protein 
of the Ehrlich ascites cell by o-fluorophenylalanine and 8-2-thienylalanine. A, Curve 
1, inhibition of rate of phenylalanine incorporation caused by 2.5 X 107? m o-fluoro- 
phenylalanine; Curve 2, uninhibited incorporation of phenylalanine. B, Curve 1, 
asin A, but inhibition by 1 X 10-?m8-2-thienylalanine; Curve 2,asin A. Incorpora- 
tion is expressed as micromoles of amino acid incorporated per gm. of protein during 
the 15 minute incubation period. 


Inhibition of Valine, Leucine, and Lysine Incorporation 
by o-FPA and B-2-TA 

Antagonists of phenylalanine also inhibited the incorporation of other 
amino acids. As with phenylalanine, this inhibition could be decreased 
with increasing concentrations of the incorporated amino acids, and, as 
demonstrated in Figs. 2 and 3, a similar strictly competitive relationship 
was observed. However, unlike the case with phenylalanine, the two an- 
tagonists had equal inhibitory potency for the other three amino acids 
studied. In addition, phenylalanine itself inhibited the incorporation of 
the other amino acids in the same manner as did its analogues. Its effect 
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upon valine incorporation is shown in Fig. 2, C and upon leucine incorpor. 
tion in Fig. 3, B. Phenylalanine and its antagonists were somewhat mor 
effective against the incorporation of valine than against that of leucine o 
lysine. At 0.01 mM concentration, these phenylalanine analogues required 
a 100:1 molar ratio to inhibit valine incorporation by 50 per cent, while 
leucine and lysine were not inhibited to this extent at a 1000:1 molar ratio, 

The data indicate that the inhibition of incorporation of other amino 
acids by the antagonists is independent of the inhibition of phenylalanine 
incorporation. That the incorporation of valine, leucine, and lysine cap 
proceed at the same optimal rate whether or not phenylalanine is being 
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lo“ 
Valine Molarity 
Fig. 2. The inhibition of radioactive valine incorporation into the protein of the 
Ehrlich ascites cell by o-fluorophenylalanine, 8-2-thienylalanine, and phenylalanine 
Curves 1, inhibition of rate of valine incorporation by 1 X 10-2 m concentration of, 0- 
fluorophenylalanine (A); 8-2-thienylalanine (B); phenylalanine (C). Curves 2, u- 
inhibited incorporation of valine. Incorporation is expressed as in Fig. 1. 





incorporated is indicated by the strictly competitive nature of their inhibi- 
tions (Figs. 2 and 3). If any inhibition occurred because of a requirement 
for simultaneous phenylalanine incorporation, there would be a non-com- 
petitive component of the inhibition which would be manifested by different 
ordinate intercepts. Since this did not take place, it appears that no por- 
tion of the inhibition of incorporation of other amino acids by the antag- 
onists of phenylalanine can be ascribed to the ‘‘all amino acids’’ concepts 
of Cannon (1) and Geiger (2). 

This view is confirmed by the equal potency of o-FPA and 6-2-TA in 
inhibiting incorporation of amino acids other than phenylalanine. If any 
portion of the inhibition was due to the simultaneous inhibition of pheny'- 
alanine incorporation, one should anticipate that the more potent pheny!- 
alanine antagonist, o-FPA, would also be more effective against the incor- 
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poration of the other amino acids. In addition, since phenylalanine itself 
inhibited the incorporation of the other amino acids to the same extent that 
its antagonists did, it must again be concluded that the action of the phen- 
ylalanine antagonists in inhibiting the incorporation of other amino acids 
was in no way related to the inhibition of phenylalanine incorporation. 
The general effect of phenylalanine and its analogues upon other amino 
acids may be ascribed to an imbalance effect involving a decreased absorp- 
tion by the cell of low concentrations of one amino acid in the presence of 
higher concentrations of another (12). 




















A 8 
10} 1 ot 
. r 2 [ 
“t [ 
e@ | L 
“13 > oT 
= | L 
r3579Ut35 790 | 3 5 7 
4 -4 
10 10 
Leucine Molarity Lysine 


Molarity 


Fig. 3. The inhibition of radioactive leucine and lysine incorporation into the pro- 
tein of the Ehrlich ascites cell by o-fluorophenylalanine, 8-2-thienylalanine, and 
phenylalanine. A, Curve 1, inhibition of rate of leucine incorporation by 1 X 107? 
au 8-2-thienylalanine; Curve 2, inhibition by 1 X 10-? m o-fluorophenylalanine; Curve 
3, uninhibited incorporation of leucine. B, Curve 1, inhibition of rate of leucine in- 
corporation by 1 X 10-2 m phenylalanine; Curve 2, inhibition by 1 X 10-2 m o-fluoro- 
phenylalanine; Curve 3, asin A. C, Curve 1, inhibition of rate of lysine incorpora- 
tion by 1 X 10-? m o-fluorophenylalanine; Curve 2, by 1 X 10-2 m 6-2-thienylalanine; 
Curve 3, uninhibited incorporation of lysine. Incorporation is expressed as in Fig. 1. 


Influence of Phenylalanine Antagonists upon Absorption of Phenylalanine 
by Ehrlich Ascites Cell 


If the inhibition of phenylalanine incorporation into protein were due 
entirely to a prevention of absorption of extracellular radioactive phenyl- 
alanine, then an intracellular supply of this amino acid could still be avail- 
able to support the incorporation of the other amino acids in accordance 
with the Cannon-Geiger hypothesis. It was therefore necessary to esti- 
mate the extent and significance of the inhibition of phenylalanine absorp- 
tion into the cell in the presence of its antagonists. 

The intracellular non-protein (cell extract) radioactivity, after a short 
term incubation, was taken as a measure of free, absorbed phenylalanine. 
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With the use of racemic amino acids for such studies, a particular difficulty 
arises in comparing the cell extract radioactivity of two incubations if the 
extent of amino acid incorporation into the protein of the cells in thes 
flasks is different. Since the Ehrlich ascites cells have been reported to 
absorb both enantiomorphs of phenylalanine equally well (12), but wij 
incorporate only the L form into protein, cells in which a considerable 
incorporation of amino acid into protein has occurred may be assumed to 
have left an equivalent amount of p-amino acid in the intracellular fluid. 
An adequate comparison of cell extract radioactivity may therefore be 
made only in cases in which the incorporation of amino acid into protein js 
approximately equal. This was accomplished by adjusting the concentra. 
tions of the two antagonists to levels producing approximately the same 
degree of inhibition of incorporation into protein. A comparison of the 
cell extract radioactivity of the uninhibited incubations with that of the 
inhibited ones must be tempered with these reservations. 

As shown in Table I, the cell extract radioactivity in the flasks containing 
o-F PA was higher than in those containing 8-2-TA after a 15 minute incuba- 
tion, in spite of the actually greater inhibition of phenylalanine incorpora- 
tion into protein by the former antagonist. These results were confirmed 
when the incubation period was 45 minutes. It is of interest that for the 
longer incubation period the uninhibited cells had a greater level of radio- 
activity in the protein than in the non-protein cell fluid, while the opposite 
was true with the inhibited ones. In particular, a major inhibition of the 
utilization of intracellular amino acid can be noticed in the flasks con- 
taining o-FPA. 

The data of Table I indicate that the phenylalanine antagonists exert 
their inhibition of phenylalanine incorporation, at least in part, by pre- 
venting its absorption, and that 8-2-TA inhibits absorption to a greater 
extent than does o-FPA. This comparison of the influence on absorption 
of the metabolite by two antagonists indicates a limitation of the use of 
inhibition ratios as an estimate of the relative potency of antagonists. The 
antagonist which required the higher concentration to exert an equivalent 
inhibition, 8-2-TA, actually brought about this inhibition by causing a 
greater prevention of metabolite absorption. Thus, the intracellular in- 
hibition by o-FPA must be actually greater than 5 times that of 6-2-TA as 
indicated by the over-all inhibition ratios. 


Effect of o-F PA upon Incorporation of Intracellular Phenylalanine 
into Protein 


In order to determine the effect of o-FPA upon the incorporation of 
intracellular phenylalanine into protein when no extracellular phenyl 
alanine was present, radioactive cells were prepared as follows: All the 
cells in each experiment, after one washing with buffer, were incubated 
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with radioactive phenylalanine in one flask for 10 minutes. After this 
preliminary incubation, the cells were washed three times with buffer and 
then were added to Warburg flasks for a second incubation carried out as 
previously described, with the exception that no radioactive amino acid was 
present in the medium. A control containing TCA in the incubation 
medium indicated the extent of incorporation of phenylalanine into pro- 


TABLE [ 


Effect of o-Fluorophenylalanine and B-2-Thienylalanine upon Phenylalanine* 
Absorption and Incorporation into Protein by 


Ehrlich Ascites Cell 


Bape Uninhibited control Se ke 
15 min. incubations 
c.p.m. c.p.m. c.p.m. 
1 Cell extract 1990 + 30T 1530 + 20 1100 + 20 
Protein 8244+ 9 1909 + 20 2814 7 
2 Cell extract 2470 + 110 2350 + 130 1445+ 5 
Protein 1570 568 + 0 632 + 78 
3 Cell extract 1555 + 65 2630 + 30 1675 + 45 
Protein 140 + 40 524+ 52 632 + 52 
15 min. incubations 
4 Cell extract 2760 + 210 3110 + 110 1810 + 120 
Protein 3610 + 270 1090 + 30 1510 + 220 
5 Cell extract 1630 + 50 2770 + 110 1600 + 30 
Protein 1950 + 240 785 + 15 940 + 20 
6 Cell extract 1775 + 75 3810 + 90 1925 + 25 
Protein 3245 + 85 1310 + 60 1580 + 20 


Since the data in each experiment were obtained from aliquots of the same cell 
preparation, the quantities can be compared only within each experiment. 

* Concentration, 0.082 um in 2.0 ml. of incubation volume; 24,000 ¢.p.m. 

} Deviation from the mean of duplicate incubations. 


tein which had occurred before the second incubation. Any increase in 
the specific activity of the protein following the second incubation could 
then be due only to the incorporation of intracellular phenylalanine. When 
a concentration of o-FPA equivalent to that used in the studies with the 
other amino acids was present in the incubation medium, no further increase 
in specific activity was observed (Table II). The minimal concentration 
of o-FPA necessary to produce complete inhibition of intracellular phenyl- 
alanine incorporation was less than 3 X 10-* mM; thus at least a 3-fold excess 
of o-FPA was used in these studies to bring about the complete inhibition 
of intracellular phenylalanine incorporation. 








846 INHIBITION OF AMINO ACID INCORPORATION 


It should also be mentioned that concentrations of the other amino acid 
(1 X 10-* Mm), which were almost sufficient to prevent o-FPA inhibition 
when they were being incorporated (Fig. 2, A; Fig. 3), had no effect upon 
the inhibition of phenylalanine incorporation by o-FPA. It may there. 


TABLE II 


Inhibition of Incorporation of Intracellular* Phenylalanine into Protein of 
Ehrlich Ascites Cell by o-Fluorophenylalanine 


Specific activity of protein 


Experiment Duration of 2nd Contents of 2nd incubation medium 
No. incubation 








—_ 


Trichloroacetic acid, o-Fluorophenylalanine 
Bufier only 0.05 ml. of 40 per cent Xie” = 


min. c.p.m. per mg. 








c.p.m. per mg. epun. ber mg. 


1 15 102 + Of 56 + 0 58 + 1 
2 30 135 + 1 66 + 2 61 + 0 


* All cells in each experiment were added to 2.2 ml. of buffer containing 1.6 um of 
radioactive phenylalanine, 4.8 X 105 c.p.m., incubated for 10 minutes, and then 
washed and used for a second incubation as described in the text. 

t Deviation from the mean of duplicate incubations. 


TaBLeE III 


Effect of o-Fluorophenylalanine, 8-2-Thienylalanine, and Phenylalanine upon 
Incorporation of Valine, Leucine, and Lysine during 3 Hour Incubation 





Incorporation of amino acids* in presence of 








Buifer only | Tigoronbenyiel | -2-Thlenyialenine, | Phenylnlanne 
Valinet....... 2.68 + 0.09f 1.67 + 0.04 1.73 + 0.03 2.06 + 0.06 
Leucine....... | 3.03 + 0.02 2.02 + 0.04 2.00 + 0.03 2.29 + 0.06 
Le ere 1.99 + 0.04 1.23 + 0.01 1.24 + 0.01 1.46 + 0.01 


* Micromoles of amino acid incorporated per gm. of protein per hour. 
+ The initial concentrations of valine, leucine, and lysine were 1 X 107? M. 
¢ Standard error of the mean of triplicate incubations. 


fore be concluded that, when the other amino acids were being incorporated 
in the presence of o-FPA, no intracellular phenylalanine was simultane- 
ously incorporated. 


Effect of Phenylalanine and Its Analogues upon Incorporation of Valine, 
Leucine, and Lysine during 3 Hour Incubation 


In view of the above observations, it was of interest to ascertain the 
effect of phenylalanine and its antagonists upon the capacity of the Ehrlich 
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ascites cell to incorporate the other amino acids. The cells were therefore 
incubated for 3 hours with the other amino acids at 1 & 10-* m concentra- 
tion in the presence and absence of these inhibitors. As shown in Table 
III, a major capacity for incorporation was still demonstrated in the pres- 
ence of phenylalanine and its antagonists. The high order of incorporation 
of valine, leucine, and lysine in the presence of o-FPA is of particular 
interest, since this antagonist completely inhibits incorporation of intra- 
cellular phenylalanine into protein. 


DISCUSSION 


“Affinity of Incorporative Process’? As Basis for Comparison of 
Incorporative Activity of Tissues in Vitro 


Data obtained from the above experiments furnish an additional pa- 
rameter for describing the incorporative process. Thus, the value corre- 
sponding to the Michaelis-Menten constant represents the concentration 
of radioactive amino acid necessary for half maximal rate of incorporation, 
and the reciprocal of this value may be taken as a measure of the affinity 
of a particular tissue for incorporating an amino acid. It is recognized 
that variations in the endogenous supply of the amino acid being incor- 
porated may interfere with this determination. However, the desirability 
of obtaining an approximation of the affinities in vitro of various tissues 
for the incorporation of amino acids becomes evident from the discrepancies 
between techniques in vivo with injected tracer doses and those in vitro 
involving much higher concentrations of radioactive amino acids (13, 14). 


Mechanism of Amino Acid Activation 


Developments in the subjects of high energy phosphate (15) and trans- 
peptidation (16) suggest that amino acids may be activated through a 
common enzymatic mechanism prior to their incorporation into the pro- 
tein molecule. Such a common pathway would necessarily imply competi- 
tion among the various amino acids for the sites on this activating enzyme. 
However, the inhibiting effect of a high concentration of one amino acid on 
the incorporation into protein of a low concentration of another is not al- 
ways sufficiently large to support the concept of a common activating 
pathway. 

As is shown in Fig. 3, B, when a ratio of non-radioactive phenylalanine to 
radioactive leucine of 1000:1 was present extracellularly, only a 45 per 
cent inhibition of leucine incorporation into protein occurred. If this ratio 
were present intracellularly, and if the activating enzyme had an equal 
affinity for the two amino acids, one would anticipate a 99.9 per cent inhi- 
bition. Since it has been shown (12) that high concentrations of one amino 
acid inhibit the absorption of low concentrations of another, the intra- 
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cellular amino acid ratio would be yet less favorable for the incorporation 
of leucine than the above estimate indicates. The possibility that the 
activating enzyme has a much higher affinity for leucine than for phenyl. 
alanine, and that it can therefore act preferentially upon the former in the 
presence of a high concentration of the latter, was investigated by revers. 
ing the ratio of amino acids employed. Thus, when a 1000:1 ratio of non. 
radioactive leucine (0.01 M) to radioactive phenylalanine was employed, 
only a 10 per cent inhibition of phenylalanine incorporation into protein 
was observed. These observations make it appear unlikely that phenyl- 
alanine and leucine can be activated by a mechanism common to both prior 
to their incorporation into proteins. 


Nature of Incorporative Process 

That an active exchange may take place between the amino acid residues 
in proteins and the amino acid pool has been considered by many workers 
since the early studies by Schoenheimer and his collaborators (17). Re- 
cently Gale and Folkes (18) have found that non-growing cultures of 
Staphylococcus aureus readily incorporate radioactive amino acids into 
protein, and these authors interpret their results as an indication of an 
exchange mechanism. Such a phenomenon would appear to us at this 
time as a readily acceptable explanation of the independent incorporation 
of amino acids observed in this investigation. 


SUMMARY 


1. Both o-fluorophenylalanine and 8-2-thienylalanine are competitive 
antagonists for the incorporation of radioactive phenylalanine into the 
protein of the Ehrlich ascites carcinoma. To produce a 50 per cent inhi- 
bition, a 20:1 molar ratio of o-fluorophenylalanine to phenylalanine is 
required, while a 100:1 ratio is necessary when 8-2-thienylalanine is the 
antagonist. 

2. Phenylalanine and its two analogues inhibit the initial rate of incor- 
poration of radioactive valine, leucine, and lysine competitively and in an 
almost identical manner. This indicates that the inhibition of incorpora- 
tion of the other amino acids by the phenylalanine antagonists is not re- 
lated to the latter’s effect upon phenylalanine incorporation, but is an 
independent inhibition of the incorporation of each of the other amino 
acids. 


3. The phenylalanine antagonists inhibit the incorporation of radioactive 
phenylalanine into protein in part by preventing its absorption by the cell 
and in part by inhibiting the incorporation of intracellular phenylalanine. 
A marked accumulation of free, radioactive phenylalanine can be demon- 
strated within the cells if the incubation is carried out in the presence of 
o-fluorophenylalanine. 
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4. In the presence of concentrations of o-fluorophenylalanine that com- 
pletely inhibit the incorporation of intracellular phenylalanine into pro- 
tein, valine, leucine, and lysine can be incorporated at their optimal initial 
rates. The lack of a requirement for all amino acids to be simultaneously 
present during the incorporative process is interpreted as indicating that 
incorporation in vitro does not represent a synthetic mechanism, but is 
primarily an enzymatically activated exchange between radioactive amino 
acids and corresponding residues in the protein molecule. 
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PURIFICATION OF A FACTOR LINKING SUCCINIC 
DEHYDROGENASE WITH CYTOCHROME c* 
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The existence of a factor or factors linking succinic dehydrogenase with 
cytochrome c in heart muscle extracts has been postulated from two types 
of evidence. One type is from experiments in which a factor is purported 
to have been separated which could activate an “incomplete” succinoxidase 
system (1-4). Straub (2) introduced the term ‘SC factor’?! for such an 
activity. Keilin and Hartree (5) investigated certain of these “incomplete” 
succinoxidase systems and showed that albumin, denatured globin, calcium 
phosphate gel, and a variety of other substances could reactivate such 
systems, thus casting doubt on the specificity of the effects previously 
claimed. The other type of evidence derives from experiments with inhib- 
itors which have either little or no effect on systems involving cytochrome 
oxidase and cytochrome c, or on reduction of dyes by succinic dehydro- 
genase and succinate, but markedly affect the total succinoxidase system. 
Such effects have been claimed for ethanol (6, 7), alkylnaphthoquinone 
derivatives (8), a-tocopheryl phosphate (9, 10), 4,4’-dihydroxystilbene 
(11), 2,3-dimercaptopropanol (BAL) (12), antimycin A (13), and leci- 
thinase A (14). 

In addition to the term SC factor previously mentioned, Yakushiji and 
Okunuki (4) named their factor cytochrome c,; and claimed that it linked 
succinic dehydrogenase to cytochrome c through cytochrome b, but this 
claim has been refuted by Slater (15). The latter worker (12) postulated 
a factor sensitive to BAL which may link either diaphorase or cytochrome 
b to cytochrome c, but the ““BAL factor” was neither purified nor charac- 
terized spectroscopically. More recently, Clark, Neufeld, and Stotz (16), 
ina preliminary publication, claimed to have purified a cytochrome b from 


* This research was supported by grants from the Rockefeller Foundation, the Life 
Insurance Medical Research Fund, and the National Heart Institute, National Insti- 
tutes of Health, United States Public Health Service. 

t Predoctoral Fellow of the United States Public Health Service. 

‘Until the nature of the factor or factors responsible for the reduction of cyto- 
chrome ¢ by succinate and succinic dehydrogenase is better known, the term ‘SC 
factor” is retained in this paper. 
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852 SC FACTOR 
heart muscle which is reduced by succinic dehydrogenase and succinate 
and oxidized by cytochrome c, thus serving as a linking factor. 

The reduction of cytochrome b in heart muscle extract by succinate was 
recorded in the classical experiments of Keilin (17), which, in conjunction 
with later studies of the oxidation-reduction potentiais of the cytochromes 
by Ball (18), places cytochrome b in a logical position for reduction of cyto. 
chrome c. Keilin and Hartree (6) have indeed suggested such a rdle for 
cytochrome b. 

This paper is concerned with (a) the assay and purification of a factor 
(or factors) in heart muscle extract which catalyzes the reduction of cyto. 
chrome c by succinate in the presence of succinic dehydrogenase, (b) the 
reconstruction of a succinoxidase system from the partly resolved com. 
ponents of succinoxidase, and (c) the demonstration that such a recon. 
structed system is as sensitive to the succinoxidase inhibitors antimycin 
A and an alkylnaphthoquinone as the intact succinoxidase of heart muscle 
particles. 


Materials and Methods 


Succinic dehydrogenase was prepared according to the directions for 
Preparation A described by Neufeld, Scott, and Stotz (20). Its activity 
was measured in terms of the reciprocal time necessary for reduction of a 
fixed amount of sodium 2 ,6-dichlorobenzenoneindo-3’-chlorophenol in the 
presence of excess succinate. 

Cytochrome oxidase was prepared according to the method of Smith and 
Stotz (20). Cytochrome c was prepared by the method of Keilin and 
Hartree (21), but finally dialyzed against distilled water. Its concentra- 
tion was adjusted to 2 X 10-* M. 

Cholic acid determinations were performed according to the method of 
Reinhold and Wilson (22). Ammonium sulfate analyses were carried out 
by direct nesslerization of an appropriately diluted tungstic acid filtrate 
of the protein fractions. 

Protein determinations were made indirectly by measuring the turbidity 
produced upon the addition of sulfosalicylic acid to the various protein 
fractions. The turbidity readings, multiplied by an experimentally de- 
termined factor, were found to be equivalent to the protein present in the 
fractions as measured by Kjeldahl analysis. A suitable aliquot of the 
sample (0.05 to 0.50 ml.) was diluted to 5 ml. with distilled water. 10 ml. 
of 3 per cent sulfosalicylic acid were added, and the turbidity was read 
immediately in the Klett-Summerson colorimeter with the No. 42 filter. 
The reading multiplied by 0.0135 and by the reciprocal of the volume oi 
test solution used gave a measure of the protein concentration of the 
solution. 
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EXPERIMENTAL 


Assay—A spectrophotometric method was first developed for the assay 
of the intermediate factor (or factors) catalyzing the reduction of cyto- 
chrome c by the succinic dehydrogenase system. ‘The assay system con- 
tained succinate, a succinic dehydrogenase preparation free of SC activity, 
the material under test, and cytochrome c. Cyanide was included in the 
reaction mixture to block any reoxidation of cytochrome ¢ by cytochrome 
oxidase. The SC activity was calculated directly from the rate of cyto- 
chrome ¢ reduction, which was followed by observing the rate of increase 


in absorption at 550 my with the Beckman DU spectrophotometer at 25°. 
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Fig. 1. The linear rate of reduction of cytochrome ¢ by succinic dehydrogenase 
and succinate. Curve A, absence of added SC factor; Curve B, addition of SC fac- 
tor, which in the case illustrated was diluted heart muscle extract. Conditions of 
the experiment as recorded in the text. 

Fig. 2. The proportionality between the amount of SC factor present and the rate 
of reduction of cytochrome c. Conditions of the experiment as recorded in the text. 


The following reagents were added to a Beckman cuvette (1 cm. light 
path): 1.0 ml. of 0.1 m KH2PO-Na2HPO, buffer, pH 7.4; 0.2 ml. of 0.3 m 
sodium succinate buffered at pH 7.4; 0.2 ml. of 0.02 m neutralized and buf- 
fered KCN solution; 1.2 ml. of distilled water; 0.1 ml. of succinic dehydro- 
genase preparation; 0.1 ml. of SC factor preparation under test; and 0.2 ml. 
of 2 X 10-* m cytochrome c solution. Absorbancy readings were taken at 
550 mp at 15 or 30 second intervals for 3 to 4 minutes. 

Fig. 1 demonstrates that the increase in absorbancy due to the reduction 
of cytochrome ¢ was linear with time, although there was frequently a lag 
period during the Ist minute. It is to be noted that succinic dehydrogenase 
without addition of the SC factor preparation gave a nearly negligible rate 
of reduction of cytochrome c. This “blank rate of reduction” was sub- 
tracted from the rate obtained in the presence of SC factor. 
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That the slope (A log I)/J per minute) of such a line was directly propor. 
tional to the amount of SC factor preparation added to the test system jg 
illustrated in Fig. 2. The values presented were obtained with heart 
muscle extract; the same relationship was exhibited by more purified frac. 
tions. Succinic dehydrogenase was not limiting, since additional amounts 
caused no further increase in the rate of cytochrome c reduction. A unit 
of SC factor was defined as that amount which produces a change of 1,0 
in log I,/I per minute under the conditions described. 


Purification Procedure 


The following procedures were carried out at 4-6°. 

Phosphate Extract—A 400 gm. portion of finely ground, fresh pig heart, 
free of adipose tissue, was washed in 2.5 liters of cold distilled water for 
15 minutes. The wash water was removed from the muscle mince first 
by decanting a large portion and then by squeezing the remainder through 
a layer of muslin. The washing procedure was repeated twice with dis. 
tilled water and once with 0.01 m KH2PO,-Na2HPO, buffer, pH 7.4. The 
washed heart muscle mince was divided into two equal portions. Each of 
these was homogenized for 5 minutes in the Waring blendor with 500 ml. 
of 0.1 m KH2PO.-NasHPO, buffer, pH 7.4. The resulting homogenates 
were subjected to centrifugation for 25 minutes at 1800 X g in the Inter- 
national model BP centrifuge. The supernatant fluids were decanted and 
saved. The sediments from each of the homogenates were reextracted 
twice more by homogenizing each for 3 minutes with 300 ml. portions of 
0.1 m buffer and centrifuging as before. All supernatant fluids were com- 
bined to yield about 1900 ml. of phosphate extract. The purity at this 
stage of purification was about 1 SC unit per mg. of protein. 

Acid-Treated Extract—Cold 1 acetic acid was added slowly with stir- 
ring to the phosphate extract until pH 5.4 was obtained. The resulting 
suspension was centrifuged for 45 minutes at 1800 X g. The supernatant 
fluid containing a large amount of myoglobin was discarded. The pre- 
cipitate was resuspended in about 500 ml. of 0.1 m KH2PO-Na2HPO,, pH 
7.4, by homogenizing for 30 seconds in the blendor. After determining the 
protein concentration of this suspension, it was adjusted to 12 mg. per nl. 
by addition of a suitable quantity of buffer. The purity was 1.6 at this 
point. 

0.35 to 0.50 Fraction—Sodium cholate (40 per cent) (20) was added to 
the acid-treated extract to make a final concentration of 0.5 per cent. 
(The specification of 12 mg. of protein per ml. and 0.5 per cent cholate at 
this stage is essential for best results in the subsequent ammonium sulfate 
fractionation.) The resulting solution was made 0.35 saturated with am- 
monium sulfate by the addition of 54 ml. of ammonium sulfate (saturated 
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solution at 20° in 0.1 m KH2PO.-NazHPO, buffer, pH 7.4) per 100 ml. of 
acid-treated extract containing cholate. The insoluble material was re- 
moved by centrifugation for 30 minutes at 1800 X g. The supernatant 
fuid was siphoned off and made 0.50 saturated with ammonium sulfate by 
the addition of 30 ml. of the buffered saturated ammonium sulfate to each 
100 ml. of the supernatant fluid. The resulting suspension was centrifuged 
asbefore. This time the supernatant fluid was discarded, and the sediment 
was resuspended in 0.1 m NasHPO, to yield about one-eighth the volume 
of the acid-treated extract employed for fractionation. This solution was 
then allowed to stand 12 to 24 hours at 4°. The purity of this 0.35 to 0.50 
fraction was 11. 

HS Fraction—After standing, the 0.35 to 0.50 fraction was centrifuged 
for 1 hour at 18,000 X g in the Servall high speed centrifuge. The super- 
natant fluid was saved and the precipitate was discarded. The ammonium 
sulfate concentration of the supernatant fluid was determined and adjusted 
to 8 per cent by addition of a suitable quantity of 0.1 m NasHPO,. This 
solution had a purity of about 15. 

SC Factor Preparation—43 ml. of buffered saturated ammonium sulfate 
were added to each 100 ml. of the HS fraction, and the mixture was centri- 
fuged for 15 minutes at 12,000 X g. The supernatant fluid was decanted 
and further fractionated by the addition of 16.7 ml. of buffered saturated 
ammonium sulfate to each 100 ml. of supernatant fluid. The precipitate 
was collected by centrifugation as described above and was resuspended in 
0.1m Na2HPO, to yield one-eighth the volume of the HS fraction employed. 
A yield of from 10 to 15 ml. of a clear red solution containing high concen- 
trations of the SC factor and succinic dehydrogenase is obtained. The 
purity at this stage was 30. 

Storage of this preparation at 4° for even 2 to 3 days resulted in a con- 
siderable loss of its initial activity. Storage at —15° resulted in no more 
than 25 per cent loss during a period of 3 weeks. Freeze-drying was found 
to be unsatisfactory since it resulted in destruction of the factor. The 
purified SC factor remained in solution after centrifugation at 18,000 * g 
forl hour. The solution contained about 0.4 per cent sodium cholate and 
about 5 per cent ammonium sulfate. 


Tests on Reconstructed Succinoxidase 


Function of SC Factor—With the availability of partially purified suc- 
cinic dehydrogenase (19) and cytochrome oxidase (20), as well as purified 
cytochrome c (21), it was possible to test whether the SC factor preparation 
could complete the succinoxidase system and to determine which other 
components of the system it contained. Furthermore it was possible to 
test whether the addition of agents such as calcium phosphate gel, de- 
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natured globin, and boiled heart muscle extract could affect the system or 
replace the SC factor preparation. These experiments were conducted 
manometrically by the successive omission of various components of the 
system. The results are recorded in Table I, and the following conclusions 
may be drawn. 


TABLE I 
Reconstructed Succinoxidase System 





Experiment No. Components | Os per hr. 

| ul. 
1 SD + SC + c + cytox. + succinate | 324 
2 SC + c + cytox. + succinate | 300 
3 SD + SC + ¢ + succinate 0 
4 “ + ¢-+ cytox. + succinate 8 
5 “« + SC + cytox. + succinate 0 
6 “ + “ + succinate 0 
7 SC + cytox. + hydroquinone 0 
8 Same as (1) + boiled heart muscle extract | 334 
9 «© (1) + denatured globin |* 376 
10 “« (1) + calcium phosphate gel 354 
11 | “* (4) + boiled heart muscle extract 0 
12 se (4) + denatured globin 0 
13 *« (4) + calcium phosphate gel 0 


The reagents were as follows: succinic dehydrogenase (SD), 0.1 ml.; SC factor 
preparation, 0.1 ml. (diluted 1:10); 0.1 ml. of 2 X 10-4m cytochrome ¢ (c); cytochrome 
oxidase (cytox.), 0.1 ml.; 0.3 ml. of 0.12 m sodium succinate (side arm); 0.1 ml. of 
boiled heart muscle extract; 0.1 ml. of 1 per cent denatured globin; 0.1 ml. of calcium 
phosphate gel (45 mg. per ml.); 0.3 ml. of 0.1 m hydroquinone (side arm) ; water and 
phosphate buffer at pH 7.4 so that the final phosphate concentration was 0.1 m and 
the final volume 3 ml. The conventional Warburg apparatus was used. There was 
a 5 minute equilibration period before the flasks were tipped. The temperature 
was 31°. 





Cytochrome oxidase, cytochrome c, succinic dehydrogenase, and some 
factor (or factors) linking succinic dehydrogenase with cytochrome ¢ are 
necessary to establish oxygen consumption upon addition of succinate. 
The factor (or factors) linking succinic dehydrogenase with cytochrome ¢ 
is present in the SC factor preparation, as demonstrated by comparison of 
Experiments 1 and 4. 

Omission of cytochrome oxidase, cytochrome c, or the SC factor prep- 
aration from the reaction mixture results in the complete loss of oxygen 
consumption, as is seen in Experiments 3 to 6. 

The SC factor preparation is devoid of cytochrome c, as is shown by 
Experiment 5, in which the SC factor preparation cannot replace cyto 
chrome c in the total succinoxidase system, and in Experiment 7 in whieh 
it cannot function as a source of cytochrome c in hydroquinone oxidation. 








The a 
onstrate 
Expe! 
active s 
(Experi 
Addit 
phospha 
ulation 
greater | 
This ty 
muscle 
muscle € 
The i 
cium ph 
Experim 
specific 
dase sys 
as by re 
actants. 
Inhibi 
hydroxy 
shown t 
extracts 
structed 
The rest 
the follo 
ficient t 
tract (¢ 
having 
quantiti 
particle 
order of 
dehydro 
(d) quan 
the suce 
The t 


* The | 
A stock s 
alcohol a 

'The : 
Astock s 
quinone i 
the naph 


me 
are 


1e ¢ 
1 of 


yto- 
rich 
jon. 





CLARK, NEUFELD, WIDMER, AND STOTZ 857 


The absence of cytochrome oxidase in the SC factor preparation is dem- 
onstrated in Experiment 3. 

Experiment 2 shows that the SC factor preparation contains a very 
active succinic dehydrogenase; in fact additional succinic dehydrogenase 
(Experiment 1) causes little or no additional oxygen consumption. 

Addition of boiled heart muscle extract, denatured globin, or calcium 
phosphate gel to the reconstructed succinoxidase system caused some stim- 
ulation at a phosphate concentration of 0.1 m (Experiments 8 to 10). A 
greater stimulation was observed at a phosphate concentration of 0.033 m. 
This type of stimulation observed by Keilin and Hartree (5) in heart 
muscle extracts was confirmed both in the reconstructed system and heart 
muscle extract. 

The inability of boiled heart muscle extract, denatured globin, or cal- 
cium phosphate gel to replace the SC factor preparation is illustrated by 
Experiments 11 to 13. This preparation, therefore, must contain the 
specific link (or links) necessary for the functioning of the total succinoxi- 
dase system, and does not appear to function in any obscure fashion, such 
as by removal of cholate or by increasing the “availability” of the re- 
actants. 

Inhibition by Antimycin A and SN&949—Since antimycin A? and 2- 
hydroxy-3-(2-methyloctyl)-1 ,4-naphthoquinone (SN5949)? have been 
shown to be powerful inhibitors of the succinoxidase system in heart muscle 
extracts (13, 8), it was thought desirable to determine whether the recon- 
structed system also contained the components sensitive to these inhibitors. 
The results of such experiments are summarized in Table II, from which 
the following conclusions may be drawn: (a) 0.3 y of antimycin A was suf- 
ficient to inhibit completely the oxygen consumption of a heart muscle ex- 
tract (cytochrome c added) and a reconstructed succinoxidase system 
having comparable oxygen uptake, (b) experiments with SN5949 with 
quantities in the range of 1 y showed complete inhibition of heart muscle 
particle succinoxidase and the reconstructed system, (c) quantities in the 
order of 10 and 20 y of antimycin A caused some inhibition of succinic 
dehydrogenase, and no inhibition of the cytochrome oxidase system, and 
(d) quantities in the order of 30 y of SN5949 produced no inhibition of either 
the succinic dehydrogenase or the cytochrome oxidase system. 

The titration effect of antimycin A on the succinoxidase system was 


*The antimycin A used in these experiments was donated by Dr. F. M. Strong. 
Astock solution of antimycin A containing 500 7 per ml. was made up in 95 per cent 
alcohol and stored at 5°. 

'The sample of SN5949 used in these experiments was donated by Dr. Eric Ball. 
Astock solution of the inhibitor was made up by weighing 3 mg. of the dry naphtho- 
quinone into a 10.0 ml. volumetric flask, then adding 0.1 Nn NaOH dropwise to dissolve 
the naphthoquinone. The red solution was made to the mark with distilled water. 
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found to be concerned with the inhibition of a factor (or factors) present 
in the SC factor preparation. 1 of antimycin A was sufficient to inhibit 
almost completely a reconstructed succinoxidase system containing an 
arbitrarily selected level of SC factor. 0.2 y completely inhibited the sys. 




















TaBLeE II 
Effect of Antimycin A and SN5949 on Succinoxidase System 
Test system | Antimycin A SN5949 Oz per hr. Rate Am 
lo oy | «+. ul. a 
Phosphate extract succinox- 0 0 414 
idase 0.3 0 0 100 
0 1.4 0 100 
Reconstructed succinoxidase 0 0 394 
0.3 0 0 100 
0 0.5 0 100 
SD + Mb + succinate 0 0 288 
| 10 0 197 32 
| 0 0 150 
0 30 168 0 
Cytox. + c + hydroquinone 0 0 | 392 | 
20 0 400 0 
| 0 | 0 | 320 | 
| 0 30 324 0 





Reactants for the reconstructed succinoxidase system and for the oxidation of 
hydroquinone are the same as in Table I. The succinoxidase of heart muscle ex- 
tract utilized 0.2 ml. of “phosphate extract’’ (see ‘‘“Experimental’’), cytochrome ¢, 
succinate, water, and buffer as listed under Table I. The manometric experiments 
involving methylene blue utilized the following: 0.1 ml. of succinic dehydrogenase; 
0.1 ml. of 0.006 m methylene blue (Mb); 0.1 ml. of 0.02 m neutralized potassium cyan- 
ide; water, buffer, and sodium succinate as listed under Table I. 


tem containing one-fifth the amount of SC factor. 60 per cent of the 
latter amount (3/25 7) inhibited the one-fifth level of SC factor by about 
60 per cent. Lastly, 0.04 y of antimycin A completely inactivated the 
one-twenty-fifth level of SC factor. 


SUMMARY 


A method has been described for the determination of “SC factor” 
activity by spectrophotometric measurement of the rate of cytochrome ¢ 
reduction in the presence of excess succinate and succinic dehydrogenase. 
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As a result of ammonium sulfate fractionation of pig heart extract, an 
SC factor preparation has been obtained which is at least 30-fold purified 
over the starting material. 

The reconstruction of an active succinoxidase system from partially 
purified preparations of succinic dehydrogenase, cytochrome oxidase, SC 
factor, and purified cytochrome c offers new evidence for the existence of 
a factor (or factors) present in heart muscle, which functions as a link be- 
tween succinic dehydrogenase and cytochrome c. 

The reconstructed succinoxidase system was found to be as sensitive to 
antimycin A and the naphthoquinone SN5949 as the succinoxidase system 
in heart muscle extract. Furthermore, the fact that succinic dehydro- 
genase and cytochrome oxidase were unaffected by relatively large amounts 
of these substances demonstrates that it was some component of the SC 
factor preparation which was affected. 

Inert materials such as denatured globin, calcium phosphate gel, and 
boiled heart muscle extract were unable to replace the SC factor prepara- 
tion in the reconstructed succinoxidase system. 
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CYTOCHROME COMPONENTS OF THE SOLUBLE 
SC FACTOR PREPARATION* 
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AND ELMER STOTZ 


(From the Department of Biochemistry, The University of Rochester School 
of Medicine and Dentistry, Rochester, New York) 


(Received for publication, April 12, 1945) 


The preparation from heart muscle of a factor (or factors) linking suc- 
cinic dehydrogenase with cytochrome c, called the SC factor, has been 
described in the preceding paper (1). The preparation was clear red and 
represented a 30-fold purification of the SC factor over the starting material. 
The preparation was devoid of cytochrome c and cytochrome oxidase 
activity, but was active in succinic dehydrogenase. 

Observations on the spectral properties of the SC factor preparation, 
the relationships of the cytochrome components present to succinic dehy- 
drogenase and cytochrome c, and the site of action of the alkylnaphtho- 
quinone inhibitor SN5949 are reported and discussed in this paper. 


EXPERIMENTAL 


Spectral data on the oxidized and reduced SC factor preparation are 
given in Fig. 1. In the oxidized state (Curve 1) a prominent absorption 
peak at 413' my and a small peak at about 526 my can be seen. In the 
completely reduced form (reduced with dithionite) (Curve 2) pronounced 
absorption peaks appear at 430 and 561 my, with a smaller peak near 530 
my. The peak at 561 my! is close to that of the a-band of the heart muscle 
hemoprotein classically referred to as cytochrome b (2). 

The presence of a second hemoprotein component is indicated by the 
shoulders on the three main absorption peaks of Curve 2. This fact can 
be more readily demonstrated when the preparation is reduced by the ad- 


*This research was supported by grants from the Rockefeller Foundation, the 
Life Insurance Medical Research Fund, and the National Heart Institute, National 
Institutes of Health, United States Public Health Service. 

t Predoctoral Fellow of the United States Public Health Service. 

‘The curves in Fig. 1 and the peaks specified here are those obtained directly with 
the Beckman spectrophotometer by employing the cold block to hold the cuvettes. 
Prestone at approximately 2° is circulated through the block. The wave-lengths 
recorded under such circumstances are approximately 2 my less than if the spectra 
had been taken at room temperature. In subsequent discussion the corrected posi- 
tions will be referred to in order to be related to the familiar 550 my for reduced cy- 
tochrome c; thus the cytochrome b peak will be designated 563 my and the second 
hemoprotein component designated as 554 my. 
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dition of succinate (Curve 3) which produces less absorption at 561 my 
than does dithionite, and by ascorbate (Curve 4) which almost exclusively 
reduces the second hemoprotein. Absorption peaks (reduced) of the latter 
component appear to be located at 413, 524, and 552! mu. 

It has also been found that the “554 my hemoprotein’” is reduced upon 
the addition of BAL (dimercaptopropanol) and leuco sodium 2 ,6-dichloro- 
benzenoneindo-3’-chlorophenol. The reduction caused by the leuco dye 
(E’) at pH 7.0 = 0.21 volt) indicates that the oxidation-reduction potential 
of this hemoprotein is at least as high if not higher than that of the dye. 
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Fic. 1. Absorption spectra of SC factor preparation. Spectra determined in 
Beckman DU spectrophotometer with 1 cm. cells. Curve 1, oxidized with ferricyan- 
ide; Curve 2, reduced with dithionite; Curve 3, reduced with succinate; Curve 4, re- 
duced with ascorbate. 


Relations among Cytochrome b, Succinic Dehydrogenase, and SC Factor 


In order to determine whether SC factor activity was associated with 
cytochrome b, parallel measurements of these components at three stages 
of purification of the SC factor were made. Cytochrome b was estimated 
by the increase in absorbancy at 563 my caused by dithionite, and SC 
activity was determined as described previously (1). In addition to these 
determinations, the succinic dehydrogenase activities of fractions resulting 
from ultracentrifugation of the SC factor preparation were measured by 4 
dye reduction technique (3). The results are recorded in Table I. 

It may be noted that the ratio of cytochrome b to SC factor activity was 
constant at the three stages of purification and after ultracentrifugation, 
indicating either an identity or close chemical and physical properties d 
the two. In contrast, upon ultracentrifugation SC factor and succinic 
dehydrogenase activities are clearly separated. 
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Two other types of preparation, referred to as the “high cholate prepa- 
ration” and the “BAL-treated preparation” were of significance in relating 
SC factor, succinic dehydrogenase, and cytochrome b. 

High Cholate Preparation—This preparation was obtained by ammonium 
sulfate fractionation of heart muscle phosphate extract after addition of 
cholate to a concentration of 2.0 per cent. The precipitate formed upon 
raising the ammonium sulfate concentration from 0.35 to 0.50 saturation 


TABLE I 
Relationship of SC Activity to Cytochrome b and Succinic Dehydrogenase 








Material tested Ratio a Ratio sc 
0.35-0.50 ammonium sulfate fraction 4.7 
HS fraction 1.6 
SC factor preparation 1.4 
Ultracentrifuge fractions 
Uncentrifuged 1.6 2.5 
Cell top 1.7 605 
** bottom 1.6 2.3 





The fractions designated are stages in the purification of the SC factor, described 
in the previous paper (1). SC (units per ml.) was determined as described pre- 
viously (1). The amount of cytochrome b (b) was estimated by the increase in ab- 
sorbancy (X 1000) at 563 my caused by the addition of dithionite, a measure which 
avoided errors due to slight turbidity in some fractions. Succinic dehydrogenase 
(SD), expressed as units per ml., was measured as described by Neufeld, Scott, and 
Stotz (3). Ultracentrifugation was carried out in the Spinco model E centrifuge at 
57,780 r.p.m. with a “‘partition cell.”” The centrifuge was stopped after the red pro- 
tein had passed the partition. Samples were removed from the top and bottom com- 
partments of the cell with a hypodermic syringe. 


was collected by centrifugation and dissolved in 0.1 m disodium phosphate 
to yield a clear dark red solution, not unlike the SC factor preparation in 
gross appearance. 

BAL-Treated Preparation—This preparation was made by the same pro- 
cedure that was used for the preparation of the active SC factor except that 
the “acid-treated extract’’ (1) was incubated with BAL for 1 hour at 35° 
prior to fractionation. The incubation was carried out aerobically by 
mechanically shaking the extract in a flask partially submerged in a 35° 
water bath. This procedure is essentially the same as that reported by 
Slater (4) for the inactivation of a BAL-sensitive factor. The clear red 
solution resulting from the fractionation of this mixture was much like that 
prepared with 2 per cent cholate and similar in appearance to the active 
SC factor preparation. 
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These preparations had several properties in common. They possessed 
little or no SC factor activity, and the characteristic absorption peak (re. 
duced) at 563 my, ascribed to cytochrome b, was shifted to approximately 
559 mu. The material responsible for this absorption was not reduced by 
addition of succinate under anaerobic conditions, either by the succinic 
dehydrogenase present in the preparations or by added succinic dehydro. 
genase. After reduction by dithionite, this material was much more av- 


TasBLe II 
Succinate Reduction of Cytochrome Components and Effect of SN&949 











+ SN5949 


as Components | Log Pat 552 mp | Log , at 561 mp 
Re nai ————— . os | 
1 | SC preparation 0.251 0.205 
2 om _ + succinate 0.285 | 0.276 
3 " si + " + SN5949 0.288 | 0.274 
4 | ¢ oxidized 0.191 
(2) + (4) (0.476)* 
5 | c reduced 0.375 
(2) + (5) (0.660)* 
6 | SC preparation + c + succinate 0.700 
7 " - + ‘+ “ 0.470 | 
| 





The experiments were performed in the Beckman DU spectrophotometer with the 
cold block. The reagents employed were 0.1 ml. of 2 X 10-4 m cytochrome ¢ (¢); 
0.2 ml. of SC factor preparation; 3.0 mg. of solid sodium succinate. 0.1 ml. of 0.02 
neutralized potassium cyanide was added in each experiment. The reagents were 
diluted to 1.0 ml. with a solution containing 0.4 per cent sodium cholate and 3 per 
cent ammonium sulfate in 0.1 m NazHPO,, which served to buffer the reaction mix- 
ture at pH 8.0. The solution of SN5949 was prepared by dissolving 3 mg. in a few 
drops of 0.1 n NaOH and diluting to 10 ml. with water. 0.01 ml. of this solution 
was used. 

* See the text. 


toxidizable than the cytochrome b of the active SC factor preparation. 
It would thus appear that the cytochrome b had been altered so as to re- 
semble a denatured hemochromogen, and that this change might be the 
reason for the inactivity of the preparation as an SC factor. The “55 
mu hemin” was present in the inactive preparations; it could be reduced 
by ascorbate or by the leuco indophenol dye, but not by succinate. 


Reduction of Cytochrome Components by Succinate and Effect of SN5949 


A spectrophotometric study was made of the reduction by succinate of 
the cytochrome components in the SC factor preparation and of added 
cytochrome c. In addition, the point of action of the naphthoquinone 


inhibitor SN5949 was studied, since this substance had been found to in- 
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hibit some component of the SC preparation in reconstruction experiments 
(1). For these purposes readings were taken in the spectrophotometer at 
552 my (cold block) to detect reduction of the “554 mu hemoprotein” and 
also of cytochrome c when the latter was added, and at 561 my to detect 
reduction of the cytochrome b component. The results are recorded in 
Table II. 

A comparison of Experiments 1 and 2 (Table II) demonstrates that both 
cytochrome b and the “554 hemoprotein” are reduced by addition of suc- 
cinate. That the increase in absorbancy at 552 my is due to reduction of 
the second hemoprotein rather than to the contribution made by reduced 
cytochrome b at this wave-length is evident from Fig. 1. Experiment 3 
demonstrates that SN5949 did not inhibit reduction of either of these com- 
ponents. To determine whether cytochrome c reduction is inhibited by 
§N5949, calculations were made of the absorbancy expected if cytochrome 
cremained oxidized or became reduced in the presence of the reduced SC 
preparation (these figures are placed in parentheses). It is clear from the 
results that cytochrome c reduction in the presence of the SC factor prep- 
aration and succinate is blocked by SN5949. 


DISCUSSION 


The separation of succinic dehydrogenase from a red fraction containing 
cytochrome 6 by the ultracentrifuge, as well as the results presented in the 
following paper (3), confirms independently the conclusion of Tsou (5) 
that succinic dehydrogenase and cytochrome b are not identical. 

The presence in the SC preparation of a hemoprotein which in the reduced 
state absorbs at 554 my raises the question of its relation to other factors 
recorded in the literature. The position of its absorption peaks, as well as 
the results previously recorded (1) that the SC factor cannot substitute for 
cytochrome c in hydroquinone oxidation or in the reconstructed succinoxi- 
dase system, demonstrates that this component cannot be cytochrome c. 
Cytochrome c, of Yakushiji and Okunuki (6) possesses an a-band (reduced) 
at about the same position in the spectrum, but has also been claimed to be 
a denatured hemochromogen (7). The existence of another factor which 


' is postulated to act between cytochrome b and cytochrome c is the BAL 


factor of Slater (4), but, since this factor has not been observed spectro- 
scopically, its spectral characteristics cannot be compared with the “554 
my hemoprotein.” However, the function of the “554 my hemoprotein” 
postulated later is similar to that proposed by Slater for the BAL-sensitive 
factor. 

Finally, Keilin and Hartree (8) have observed a cytochrome component 
in heart muscle at liquid air temperature which possesses an absorption 
band close to that of cytochrome c, and which is reduced by succinate. 
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Pending further study of the 554 my hemoprotein and its réle in the oxida. 
tion of succinate and reduced diphosphopyridine nucleotide, we prefer, 
for the purpose of further discussion, to refer to the 554 my hemoprotein 
as the simply defined cytochrome e. 

The constancy of the ratio of reduced cytochrome b (measured spectro- 
photometrically) to SC activity and the reduction of cytochrome b by sue- 
cinate and succinic dehydrogenase strongly implicate cytochrome b as the 
link between succinic dehydrogenase and cytochrome c. Since it has not 
yet been possible to separate cytochromes b and e, it is not impossible, how- 
ever, that the cytochrome b:SC ratio also reflects indirectly the ability of 
cytochrome e to act as the linking factor. 

It may be noted that succinate produces less reduction than dithionite 
as observed at 563 my. From the data presented it is not possible to dis- 
tinguish whether the reduction by succinate represents a partial reduction 
of a single component, namely cytochrome b, or whether there is an addi- 
tional component present which cannot be reduced by succinate and which 
absorbs in its reduced form in the region of 563 my.? 

Since both cytochromes b and e are reduced by succinate in the presence 
of succinic dehydrogenase, it is of interest to know whether these may be 
separately reduced or whether cytochrome e¢ is reduced only through cyto- 
chrome b. Preparations made in the presence of a high concentration of 
cholate or after treating the heart muscle extract with BAL differ from 
the usual preparation with respect to the absorption characteristics of the 
cytochrome b component and are inactive as SC factor preparations. 
Cytochrome e in these preparations can no longer be reduced upon addition 
of succinate, although succinic dehydrogenase is still present. This argues 
for the reduction of cytochrome e by cytochrome b. Nevertheless, even 
though cytochrome e may still be reduced by ascorbate or by the leuco 
indophenol dye, it cannot be concluded that cytochrome e is not also dam- 
aged in these preparations, thus explaining the failure of succinate to reduce 
cytochrome e. 

The site of action of the inhibitor SN5949 is clearly on the reduction of 
cytochrome c, but, since cytochromes b and e are both reduced in the pres- 
ence of the inhibitor, its action does not discriminate between an independ- 
ent or consecutive action of cytochromes b and e on cytochrome c reduction. 
The direct interaction of cytochromes e and ¢ could not be demonstrated, 
owing to the very close proximity of the a-bands of the reduced forms of 
each. 

On the basis of the evidence presented it seems possible that the mech- 


2 Preliminary experiments by R. W. Estabrook in this laboratory, measuring the 
extent of reduction at 563 my in the presence of different ratios of succinate and 
fumarate, indicate that cytochrome b may not be the only component absorbing light 
in this region after dithionite addition. 
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anism of cytochrome c reduction is as follows: 


: succinic j 
Succinate —> cytochrome b — cytochrome e —;> cytochrome c 
dehydrogenase 





SN5949 

In kinetic studies with heart muscle extract, Chance (9) has found that 
cytochrome 6 reduction is slow in contrast to that of cytochrome c upon 
addition of succinate, and thus concludes that cytochrome b is not essential 
for reduction of cytochrome c in the succinoxidase system. Studies of this 
type with the reconstructed system and the separation of cytochromes b 
and e should resolve the mechanism of cytochrome c reduction by succinate 
in heart muscle. 


SUMMARY 


1. Spectrophotometric analysis of the SC factor preparation has shown 
the presence of at least two hemoproteins, one of which is cytochrome b and 
the other a component which in the reduced state has an absorption peak 
at 554 my. The latter component has been tentatively designated as 
cytochrome e, previously described by Keilin and Hartree (8). 

2. Cytochrome b is strongly implicated as a link between succinic de- 
hydrogenase and cytochrome c in heart muscle, but, since both cytochromes 
band e are reduced by succinate in the presence of succinic dehydrogenase, 
it is possible that both factors are essential and act in sequence. 

3. Treatment of heart muscle extract with BAL (dimercaptopropanol) 
prior to fractionation, or fractionation at a high cholate concentration, 
results in preparations which are inert in linking succinic dehydrogenase 
and cytochrome c. The cytochrome b of such preparations is altered, and 
cytochrome e is not reduced by addition of succinate, although succinic 
dehydrogenase is still present. 

4. The naphthoquinone inhibitor SN5949 blocks reduction of cytochrome 
c, while reduction of cytochromes b and e by succinate is not affected by 
this substance. 

5. The possible réles of cytochromes b and e in cytochrome c reduction 
in the succinoxidase system are discussed. 
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(Received for publication, April 12, 1954) 


There has been little success reported in separating and purifying the 
succinic dehydrogenase contained in the insoluble succinoxidase complex 
of heart muscle. Stern and Melnick (1) described a preparation of succinic 
dehydrogenase obtained by ultracentrifugation which could reduce methy]- 
ene blue but not cytochrome c, and Hopkins, Morgan, and Lutwak-Mann 
(2) claimed a separation of succinic dehydrogenase from the succinoxidase 
complex by the use of bile salts. Straub (3) has also reported the separa- 
tion of succinic dehydrogenase, employing sodium cholate and ammonium 
sulfate fractionation, but his claim has been criticized by Keilin and Har- 
tree (4). Morton (5) has suggested the use of cold n-butanol as a means 
of bringing succinic dehydrogenase into solution, and Hogeboom (6) de- 
scribes a clear yellow solution containing succinic dehydrogenase which 
resulted from an alkaline extraction of liver mitochondria. 

Previous studies in this laboratory (7, 8) revealed that heart muscle 
preparations obtained by ammonium sulfate fractionation of cholate ex- 
tracts contained succinic dehydrogenase in a soluble form, and modifica- 
tions of these general procedures have resulted in a soluble enzyme prepara- 
tion of considerably greater purity than the heart muscle extract from 
which it was derived (9). This paper presents a rapid assay method for 
succinic dehydrogenase based on the reduction of 2 ,6-dichlorobenzenone- 
indo-3’-chlorophenol, and alternative methods for the preparation of soluble 
succinic dehydrogenase which is purified 20- to 30-fold over the heart 
muscle homogenate, and which shows little or no activity in catalyzing 
the reduction of cytochrome c. 


EXPERIMENTAL 


Assay—Several assay methods for succinic dehydrogenase have been 
proposed, but these either have depended on additional components of 
the succinoxidase system (10, 11) and would therefore not be suitable, as 
such components were eliminated during purification of the dehydrogenase, 

* This research was supported in part by a grant from the Life Insurance Medical 
Research Fund. 

t Predoctoral Fellow of the United States Public Health Service. 
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or they did not satisfy the need for a simple and rapid assay (12, 13), 
Hence a method was developed which depended on measuring the rate of 
decolorization of sodium 2 ,6-dichlorobenzenoneindo-3’-chlorophenol in the 
presence of succinate and cyanide. Dye reduction was measured over a 
short interval in the Klett-Summerson colorimeter under conditions in 
which autoxidation of the dye was negligible. 

Reagents—35 mg. of sodium 2 ,6-dichlorobenzenoneindo-3’-chlorophenol 
(Eastman) are suspended in 80 ml. of distilled water and allowed to stand 
with occasional shaking for 30 minutes. The solution is then filtered 
through Whatman No. 41 paper and diluted to 100 ml. to give a stock 
solution which can be kept for 30 days at 6°. This stock solution is diluted 
1:25 with distilled water when required to prepare an approximately 
0.00004 m dye solution. The latter gives a colorimeter reading of approxi- 
mately 120 when the No. 660 filter is used. A 0.06 m solution of KCN 
(previously neutralized with HCl to pH 7.4) in mM/15 KH2PO,-Na:HP0, 
buffer, pH 7.4, is made fresh every 5 days and stored at 6°. A 0.3 m stock 
solution of sodium succinate in M/75 KH2PO.-Na,HPO, buffer, pH 7.4, is 
diluted 1:2.5 when required to prepare a 0.12 m solution. 

Procedure—The following solutions taken from a constant temperature 
bath at 28°, are added to a colorimeter tube: 2.0 ml. of mM/15 KH2HPO, 
NazHPO, buffer, pH 6.3; 2.0 ml. of 0.00004 m dye solution; 0.2 ml. of 0.06 
M cyanide solution; and 1.0 ml. of 0.12 m sodium succinate solution. From 
an ice bath are then added 0.4 ml. of m/15 KH2PO.-Na2HPO, buffer, pH 
7.4, and 0.1 ml. of enzyme solution, or varying amounts of the two to give 
a total of 0.5 ml. of buffer and enzyme.” The solution in the tube is quickly 
mixed by inversion and the tube placed in the Klett-Summerson colorimeter 
(660 my filter) which is set at a dial reading of 100. Since the amount of 
dye used gives a reading greater than this, a short time elapses before the 
galvanometer needle reaches the hair-line. A stop-watch is started just 
as the needle swings past the hair-line. The dial is then quickly reset ata 
reading of 60 and the watch stopped when the galvanometer needle again 
swings past the hair-line. When very turbid enzyme solutions are assayed, 
a turbidity blank must first be found and the colorimeter reading of the 
blank added to the dial settings during the actual assay, although this is 
not usually necessary with the high dilutions of enzyme employed. The 
addition of Ca++ or Al+++ was not found necessary to obtain full activity of 
either the crude heart muscle extract or the purified preparations. 


1 The temperature of 28° was chosen to correspond to the temperature of the reac- 
tion mixture which is reached in a tube placed in the Klett-Summerson colorimeter. 

2 Cold m/15 KH.PO,-Na2:HPQ, buffer, pH 7.4, is used for dilution. The use of one 
pipette for the concentrated enzyme solution and a second for mixing and pipetting 
the dilute solution was found advisable owing to adsorption of the enzyme solution 
on the walls of the pipette. 








Under 
cal of th 
shown i 
and 100 
which ¢: 
of an en 


Purit; 
tein was 
describe 
of prepa 


Fie. 1 
fixed am: 
the sour 


Two 
rather s 
reduced 
pletely 
purified 
c, but t 
This pr 
factor ( 
refracti 

Prepe 
pork he 
twice tl 
gm. pac 

A 20 
tilled w 








H. A. NEUFELD, C. R. SCOTT, AND E. STOTZ 871 


Under the conditions described, the proportionality between the recipro- 
eal of the time necessary for dye reduction and the amount of enzyme is 
shown in Fig. 1. The assay is dependable for reaction times between 12 
and 100 seconds. A unit of enzyme has been designated as that amount 
which causes the stated reduction of the dye in 100 seconds. The activity 
of an enzyme solution expressed as units per ml. is therefore 


100 1 
a . 
t ml. test solution 





X dilution factor 


Purity of the enzyme was expressed as units per mg. of protein. Pro- 
tein was determined turbidimetrically with sulfosalicylic acid as previously 
described (7), and the validity of the method was checked with each type 
of preparation against dry weight determinations. 
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RELATIVE AMOUNT OF ENZYME 


Fig. 1. The relation between the reciprocal of the time necessary for reduction of a 
fixed amount of dye and the amount of enzyme. Heart muscle extract was used as 
the source of succinic dehydrogenase. 


Purification 


Two types of preparations are described. Preparation A represents a 
rather simple procedure giving good yields of the enzyme. It has a greatly 
reduced ability to catalyze the reduction of cytochrome c, but is not com- 
pletely free of such activity. Preparation B is somewhat more highly 
purified and is free of factors which catalyze the reduction of cytochrome 
c, but the procedure is somewhat longer and a poorer yield is obtained. 
This procedure is similar to that employed in the preparation of the SC 
factor (7) except that a different fraction is collected on ammonium sulfate 
refractionation, and the latter is heat-treated to remove traces of SC factor. 

Preparation A. Stage I. Preparation of sTeart Muscle Extract—Fresh 
pork hearts were trimmed of excess fat and tonnectiv¢ tissue and passed 
twice through a meat grinder. The ground «muscle ws weighed into 200 
gm. packages and either frozen or used immediately. , 

A 200 gm. portion was washed three times with 2500.ml. of ice-cold dis- 
tilled water and once with 2500 ml. of ice-cold 0.01 m KH»PO.-NasHPO, 
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buffer, pH 7.4. After each washing the muscle was strained and pressed in 
a layer of muslin. The washed muscle was then homogenized for 5 min- 
utes in the Waring blendor with 500 ml. of ice-cold 0.1 m KH.P¢ )4-NasHPO, 
buffer, pH 7.4. This was termed the homogenate. 

The homogenate was then centrifuged for 20 minutes at 1800 X g in 
the cold International model BP centrifuge. The supernatant fluid was 
poured off and saved. The residue was homogenized again for 3 minutes 
in the blendor with 300 ml. of buffer. This homogenate was centrifuged 
as above. The precipitate was discarded and the supernatant fluid added 
to the first. These were mixed thoroughly and constituted the “phosphate 
extract.” 

Stage II. Preparation of Acid-Treated Extract—The pH of the phos. 
phate extract was lowered to 5.4 by the slow addition of cold M acetic acid 
with stirring. This mixture was then centrifuged in the cold Interna. 
tional model BP centrifuge at 1800 X g for 1 hour and the supernatant 
fluid decanted and discarded. The precipitate was resuspended by homo- 
genization in the Waring blendor for 30 seconds with 0.1 m KH2PO,-Na,- 
HPO, buffer, pH 7.4, equal in volume to 25 per cent of the volume of the 
phosphate extract. 

This was allowed to stand in the cold for a minimum of 2 hours. Follow- 
ing this, the suspension was analyzed for protein by the turbidimetric 
method and diluted with 0.1 m KH2PO.-NazHPO, buffer, pH 7.4, so that 
the protein concentration was 13 mg. per ml. This constituted the “acid- 
treated extract.” 

Stage III. Fractionation with Ammonium Sulfate-Cholate—Sufficient 40 
per cent sodium cholate (14) was added to the acid-treated extract to make 
it 0.55 per cent in sodium cholate. 23 gm. of solid ammonium sulfate per 
100 ml. of solution were then added to make a 0.4 saturated solution. 
This solution was allowed to stand for at least 30 minutes in the cold. It 
was then centrifuged at 13,500 X g in the cold Servall angle centrifuge for 
20 minutes and the precipitate discarded. 6 gm. of solid ammonium sul- 
fate per 100 ml. of supernatant fluid were then added to make the solution 
0.5 saturated in ammonium sulfate. This mixture was allowed to stand 
in the cold for 30 minutes and then centrifuged as above. The supernatant 
fluid was discarded and the precipitate was resuspended in 0.1 m KH2PO- 
NazHPO, buffer, pH 7.4, to a final volume equal to one-tenth the volume 
of the “acid-treated extract.” This constituted the ‘0.4 to 0.5 fraction.” 
It may be kept in the frozen state,for at least 3 weeks. 

Stage IV. Selective Heat Denaturation—The “0.4 to 0.5 fraction” from 
Stage III was placed in a 125 ml. Erlenmeyer flask and a thermometer in- 
serted into the solution. With constant shaking, this fraction was heated 
in a water bath so that the solution was maintained at a temperature of 40° 
for 5 minutes. It was then rapidly cooled to 6° by immersion of the flask 
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jn an ice bath and allowed to stand in the cold for 1 hour. The mixture 
was then centrifuged in the Servall angle centrifuge for 1 hour at 18,000 X 
gand the precipitate discarded. The clear supernatant constituted the 
“heat-treated fraction” (HT). 

Stage V. Refractionation with Ammonium Sulfate—54, ml. of ammonium 
sulfate (saturated solution at 20° in 0.1 m KH2PO.-NasHPO, buffer, pH 
7.4) were added per 100 ml. of HT fraction. The solution was immediately 
centrifuged for 15 minutes at 13,500 X g in the cold Servall centrifuge and 
the precipitate discarded. 30 ml. of the saturated neutralized ammonium 
sulfate were then added per 100 ml. of supernatant fluid, and the mixture 
was centrifuged as above. The supernatant fluid was discarded. The 
precipitate was resuspended in 0.1 m KH2PO,-Na:HPO, buffer, pH 7.4, 


TaBLeE I 
Typical Results of Fractionation for Preparation A 
l 














Fraction® Volume Activity Total units Purity 
ml. units per ml. - bel .~ 

ECE | 900 40 36 ,000 1.8 
Phosphate extract............. | 690 39.5 27,200 3.4 
Acid-treated extract........... 400 69 27 ,600 5.3 
skis aibhb ness ene saabe 40 | 211 8,440 15.2 
Dyan cbdilenbnescesson) | 36 =| ~=—s110 3,960 21.3 
ins SRS henna anenctd 10 3,200 


| 320 36.5 





* Designation of fractions as described in the text. 


to a volume equal to two-sevenths of the HT fraction. This solution con- 
stituted the active succinic dehydrogenase (SD) preparation. Typical 
results of a fractionation are summarized in Table I. 

Preparation B. Stages I and II—The phosphate extract and the acid- 
treated extract are prepared as described under Preparation A. 

Stage III. Fractionation with Ammonium Sulfate-Cholate—Sufficient 40 
per cent sodium cholate was added to the acid-treated extract to make its 
final concentration 0.5 per cent. 20 gm. of solid ammonium sulfate were 
then added per 100 ml. of acid-treated extract. After standing in the cold 
for 30 minutes, the mixture was centrifuged in the cold at 13,500 X g for 
15 minutes and the precipitate discarded. 9 gm. of solid ammonium sul- 
fate were then added per 100 ml. of supernatant fluid, and the mixture was 
allowed to stand in the cold for 30 minutes and then centrifuged as above. 
The supernatant fluid was discarded and the precipitate suspended in 0.1 
m KH:PO,-Na2HPO, buffer, pH 7.4, to a volume equal to one-tenth of the 
acid-treated extract. This constitutes the “0.35 to 0.5 fraction.” 

Stage IV. Adjustment of Ammonium Sulfate Concentration—The ‘0.35 
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to 0.5 fraction” was allowed to stand in the cold for 12 to 24 hours, followed 
by centrifugation at 18,000 X gfor 1 hour. The precipitate was discarded, 
The concentration of ammonium sulfate in the supernatant fluid was de- 
termined by direct nesslerization of an appropriately diluted tungstic acid 
filtrate of a sample of the solution. The main volume of solution was then 
diluted with 0.1 m KH2PO.-Na2HPO, buffer, pH 7.4, so that the final con. 
centration of ammonium sulfate was 8 per cent. This constitutes the 
“high speed fraction” (HS). 

Stage V. Refractionation with Ammonium Sulfate—45 ml. of ammonium 
sulfate (saturated solution at 20° in 0.1 m KH2POy-Na2HPO, buffer, pH 
7.4) are added per 100 ml. of HS fraction, and the solution is centrifuged 
in the cold at 13,500 X g for 15 minutes. The precipitate was discarded, 

















TaBLeE II 
Typical Results of Fractionation for Preparation B 
Fraction* Volume Activity | Total units | Purity 
ml. units per ml. | “— blag 
Acid-treated extract........... 400 69 | 27,600 5.3 
IS ooo nu cok a tae Ou eee 40 349 | 138,960 4.7 
a ca hu, Staats vicgss «aed 38 250 | 9,500 5.1 
NG 8it oe ee hea ane eine 5 1100 5,500 47.3 
EE tS eee 4 325 1,300 55.2 
2. |: a ea ee | 4 258 1,032 55.0 





* Designation of fractions as described in the text. 


To each 100 ml. of the supernatant fluid were added 16.7 ml. of the buffered 
ammonium sulfate, and the mixture was centrifuged as above. (The pre- 
cipitate is rich in both succinic dehydrogenase and the SC factor and may 
be termed the 0.3 to 0.4 fraction.*) 

20 ml. of the buffered ammonium sulfate were added per 100 ml. of the 
supernatant fluid from the last step, and the mixture was centrifuged as 
before. The supernatant fluid was discarded and the precipitate resus- 
pended in 0.1 m KH2PO,-Na,HPO, buffer to one-tenth the volume of the 
HS fraction. This constitutes the “0.4 to 0.5 fraction.” It is rich in sue- 
cinic dehydrogenase and is deficient, but not completely lacking, in SC 
factor activity (7). 

Stage VI. Selective Heat Denaturation—The 0.4 to 0.5 fraction was heat- 
treated in a manner identical to that described under Preparation A. The 
heat-treated solution was cooled, centrifuged at 18,000 X< g for 1 hour, and 


3 Designations for this and subsequent fractions are convenient but not accurate, 
since 8 per cent ammonium sulfate solution was employed as starting material. 
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the precipitate discarded. The clear, amber supernatant fluid (0.4 to 0.5 
HT) represents the purest preparation of succinic dehydrogenase that has 
been obtained free of SC factor activity. The activity and purity of the 
yarious fractions of Preparation B are summarized in Table IT. 

Properties of Enzyme—An objective in purifying succinic dehydrogenase, 
in addition to that of producing a preparation with increased units of en- 
zyme per mg. of protein, was to free the preparation of other components of 
the succinoxidase system. Both Preparations A and B are free of cyto- 
chrome oxidase and cytochrome c, but the cytochrome components involved 
in linking succinic dehydrogenase with cytochrome c are more difficult to 


TaB_e III 
SC Factor Activity of Succinic Dehydrogenase Preparations 


Preparation Fraction SD | sc | Qos 


| 
unils per mg. protein units per mg. protein 














A | sD 45.4 | 1.3 | 46 
B | 0.3-0.4 47.3 | 15.1 | 720 
| 0.40.5 55.2 | 2.0 | 37 
| 0.40.5 HT 55.0 0 | 0 








The fractions designated are those described in the text. Succinic dehydrogenase 
units determined as described in this paper; SC units determined according to Clark 
etal. (7). Qo2 equals microliters of O2 consumed per hour per mg. of protein of the 
particular succinic dehydrogenase employed in the reconstructed system. The 
Warburg flasks used in measuring Qo2 contained 0.1 ml. of 2 X 10-4 m cytochrome c, 
0.1 ml. of cytochrome oxidase (14), 0.1 ml. of the succinic dehydrogenase preparation, 
1.0 ml. of 0.1 m KH2PO.-Na2HPO, buffer, pH 7.4, 0.3 ml. of 0.12 m sodium succinate, 
and sufficient water to make 3.0 ml. Temperature 30°. 


remove. The succinic dehydrogenase and SC factor (7) purities, and the 
ability of the preparations to link in the reconstructed succinoxidase sys- 
tem, are recorded in Table III. It is clear that only the final fraction of 
Preparation B is completely free of ability to link with cytochrome c, al- 
though Preparation A is very deficient in this respect. The complete lack 
of correlation between the ability of preparations to link with cytochrome 
cand their succinic dehydrogenase activities, as measured by reduction of 
an electromotively active dye, indicates that the cytochrome components of 
the SC factor (8) are not involved in dye reduction. 

With the degree of purification of succinic dehydrogenase achieved, it 
has not been possible to draw any sound conclusions concerning the chemi- 
cal nature of succinic dehydrogenase. The purest preparations are amber- 
yellow in color. They contain a small amount of a hemoprotein which 
could not be removed. Flavin is also present in the most purified prep- 
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ations, but no evidence can be offered for the réle of either flavoprotein or 
hemoprotein in the functioning of succinic dehydrogenase. Such prepara- 
tions, essentially free of hemoprotein and lacking in ability to link with 
cytochrome c, add to the evidence presented previously (8) that succinic 
dehydrogenase and cytochrome b are not identical. 

Both preparations can be stored at 4° for several days and for long 
periods in the frozen state with little loss of activity. 


SUMMARY 


1. A simple and rapid colorimetric assay for succinic dehydrogenase js 
presented, depending on the time required for reduction of a fixed amount 
of sodium 2 ,6-dichlorobenzenoneindo-3’-chlorophenol. 

2. Two methods for the purification of the succinic dehydrogenase of 
heart muscle have been described. One of these preparations, purified 
30-fold over heart homogenate, is completely free of factors necessary for 
the reduction of cytochrome c. 

3. The most purified succinic dehydrogenase contains flavin and a small 
amount of hemoprotein, but the réle of these components could not be 
determined. The lack of hemoprotein in purified succinic dehydrogenase 
makes it unlikely that the cytochrome components necessary for cyto- 
chrome c reduction are required for dye reduction. 
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THE ISOLATION OF DESOXYRIBONUCLEIC ACID FROM 
BACTERIOPHAGES BY AN IMPROVED METHOD 


By VIRGINIA LYTLE MAYERS anp JOHN SPIZIZEN 


(From the Department of Virology, Sharp and Dohme Division, Merck and 
Company, Inc., West Point, Pennsylvania) 


(Received for publication, February 17, 1954) 


A simple method for the isolation of desoxyribonucleic acid (DNA) ina 
highly polymerized state and in good yield from relatively small amounts of 
bacteriophages and microorganisms will be described. 

After it was recognized that detergents were good inactivators of viruses 
(1,2), it was observed that sodium dodecyl sulfate would dissociate tobacco 
mosaic virus preparations into their nucleic acid and protein moieties (3). 
Since then, methods for the isolation of nucleic acid which depend upon the 
dissociation of nucleoprotein by a detergent and a subsequent salting out of 
the protein have been developed (4-7). In the procedure described in this 
communication this property of sodium lauryl sulfate is utilized together 
with sodium acetate to permit the isolation of the bulk of the nucleic acid 
from bacteriophages in a highly polymerized state in a few hours. The 
analytical methods for the characterization of the product, and the data 
obtained, will be presented. 


EXPERIMENTAL 
Preparation of Bacteriophage Concentrates 


The bacteriophage concentrates were prepared from lots of 40 to 45 
liters of lysate. 

Escherichia coli, strain B, was adapted to a synthetic salts medium,! 
fortified with 0.5 per cent yeast extract (Difco) and 0.5 per cent tryptone 
(Difeo), by incubation for 12 to 16 hours at 37° on a horizontal reciprocal 
shaker. This culture was then diluted 1:40 in fresh unfortified synthetic 
medium which had been prewarmed to 37°. An adequate aerating surface 
was provided when a 5 liter Blake bottle contained 1 liter of medium. The 
culture was left on the shaker for 3 hours in the preparation of T2r or T6rt 
lysates, giving a cell count of 1 to 1.5 X 10° per ml., or for 5 hours in the 
preparation of a T7 lysate giving a count of 2 to 3 X 10°. A sufficient 
phage inoculum was added to establish a multiple infection with T6rt or a 
single infection with either T2r or T7. For a multiple infection we used 


‘Synthetic salts medium, 6.0 gm. of NasHPQ,, 3.0 gm. of KH2PQ,, 0.1 gm. of 
MgCl,-6H.0, 0.1 gm. of NaCl, 0.5 gm. of NH,Cl, 0.05 gm. of (NH,)2S0,, 2.0 gm. of 
glycine, and 1 liter of water. Autoclave at 121° for 20 minutes, then add sufficient 
glucose aseptically to make a final concentration of 1.0 per cent. 
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aratio of bacterial count to phage count of 1:3 to 1:5 and for single infer. 
tions, 3:1 to 5:1. Usually cultures infected with T2r or T7 were visibly 
lyzed in 3 to 4 hours, while those infected with T6r* required overnight 
incubation. The lysates were chilled and pooled, then run through an 
alcohol-cooled Sharples centrifuge at 20,000 r.p.m. with a flow rate of 500 
to 550 ml. per minute in order to remove the cell débris, unlyzed cells, and 
any resistant cells that might have grown up. Following this, the phage 
was concentrated by Sharples centrifugation with a flow rate of 50 to 60 
ml. per minute at 54,000 r.p.m. The concentrated phage was suspended 
in physiological saline, shell-frozen in an alcohol-dry ice bath, and stored 
at —70°. This storage temperature may serve to protect the material 
from enzyme action, for concentrates stored at 5° yield nucleic acid which 
is much less polymerized. 


Isolation of Nucleic Acid 


After thawing, the concentrate was dissolved at room temperature in a 
1.0 per cent solution of Duponol C (du Pont’s commercial sodium laury| 
sulfate), adjusted to pH 7.0 with brom thymol blue as the indicator. A 
sufficient volume? of Duponol was used so that the phage concentrate was 
made soluble after 15 to 20 minutes of stirring. An equal volume of sat- 
urated sodium acetate was then added to the solution, which changed from 
an opalescent one to a milky suspension. This was held at 60° for 15 
minutes and stirred constantly. The mixture was then allowed to stand 
at 5° for 1 hour, or longer, until the foam could be dissipated, thus avoiding 
the formation of a surface mat over the solution upon centrifugation. 150 
ml. portions were centrifuged for 90 minutes at 5° at 1500 r.p.m. The 
clear supernatant liquid, easily decanted from the sedimented protein-rich 
salt layer, was poured into 2.8 volumes of acidified alcohol.* Upon stir- 
ring, the nucleic acid strings appeared and were collected on a glass hook 
and deposited in a Biichner funnel, where they were washed with 100 to 
150 ml. of absolute ethanol and finally with 75 ml. of ether. To complete 
the drying process the product was rapidly teased into finer strings at room 
temperature; then it was stored at 5°. 


Analyses of Nucleic Acid for Phosphorus, Nitrogen, and Purine and 
Pyrimidine Bases 


10 mg. of nucleic acid were hydrolyzed for analysis by bombing the 
sample in a sealed Carius tube at 175° for 30 minutes in 0.5 ml. of 90 per 


2 In the case of a T6r*+ concentrate, for example, this was 10 volumes of Dupondl 
solution to 1 volume of phage concentrate, for which the phage from 40 liters of lysate 
had been concentrated in 100 ml. of saline. 

3 The acidified alcohol contained 1 part of concentrated HCl added to 175 parts of 
a 95:5 ethanol-methanol mixture which had been stored at —70°. 
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cent formic acid (8). The hydrolysate dried completely under a vacuum 
over KOH flakes in a few hours: The dried material was dissolved in 0.5 
ml. of 1 Nn HCl and in this form was used for phosphorus, nitrogen, and 
base analyses. 

The phosphorus procedure used was essentially that of Gomori (9). 
Further hydrolysis was carried out in two ways: (1) in a boiling bath for 
30 minutes or (2) in a micro-Kjeldahl flask for 2 hours on an electric rack. 
Samples heated in the boiling bath usually give slightly higher values, 


TABLE I 


Micromolar Recoveries of Nitrogen Bases and Phosphorus Obtained from 10 
Mg. Samples Hydrolyzed with Formic Acid 

















Per cent molar content of nitrogen bases | | on ol 
DNA preparation iad = 7 7 ie peeye ; Tae | Fe | Fd acid N 
— Guanine ake | HMcytosine* | vt 
pe 6| op uM pM 
T2r (Lot 1).. | 35.1 | 14.2 | 33.4 | 17.3 0.169 | 0.168 | 0.691 | 0.075 
T2r (Lot 2).. -| 35.8 | 13.3 | 33.3 | 17.5 0.162 | 0.162 | 0.667 | 0.073 
T2r (Lot 3)...| 36.4 | 13.4 | 33.0 | 16.9 0.151 | 0.148 | 0.561 | 0.019 
Tort (Lot 24).| 33.8 | 11.3 | 37.2 | 17.7 0.075 | 0.078 | 0.696 | 0.410 
Tér+ (Lot 20). “ 33.5 | 16.2 | 32.8 | | 17.6 0.106 | 0.135 | 0.726 | 0.231 
Tér* (urea) ...| 36.6 | 12.2 | 33.7 | 17.5 | 0.186 | 0.193 | 0.729 | 0.022 
Thymus... .| | 29.0 | 19.5 | 31.2 | 20.5 (Cytosine) | 0.242 | 0.258 











* Pyrimidine hydroxymethylcytosine (10). 

t The data indicate that the micromolar proportions of the nitrogen bases (ade- 
nine-guanine-thymine-hydroxymethyleytosine) are approximately 10:4:10:5. The 
N and P content of a polynucleotide fragment of this composition was calculated. 
With these values the theoretical ratio of micromoles of N:P = 3.67 was computed 
and then by using the recovered micromoles of P the excess or non-nucleic acid N 
content was obtained. 


indicating that there may be some loss of P.O; with the more severe treat- 
ment. The phosphorus content of each sample is presented in Table I. 

A paper chromatograph was prepared for base analysis with 25 or 50 y 
spots of each of the nitrogen bases and 0.04 ml. (800 7) of the hydrolysate. 
The sheet was placed in 65 per cent isopropanol in 2 n HCl (11) overnight, 
and the ultraviolet-absorbing areas were marked and lanes were cut out 
from below the position where the sample was applied to near the bottom 
of the solvent front. These were eluted in 0.1 N HCl for 5 hours at 37° on 
a horizontal shaker. The control spots were used to give the actual mo- 
lecular extinctions for each determination, since the quantity of nitrogen 
base one could detect following the chromatographing and elution pro- 
cedures varied from one sheet to another. 
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In Table I the micromolar ratios of the four nitrogen bases do not rep- 
resent the actual number of micromoles of each compound recovered from 
the chromatographs. Instead, for ease in comparison with the results ob- 
tained by other workers, the actual values have been expressed as the per 
cent of the total molar content of nitrogen bases. It can be seen that the 
total number of micromoles of the four bases which were recovered is very 
close to the total number of micromoles of phosphorus found in an equiva- 
lent sample. 

The nitrogen procedure of Lanni, Dillon, and Beard (12) was used. Ip 
Table I the mean nitrogen values for a number of samples are presented, 
On the basis of the phosphorus recovery in an identical sample, calculations 
were made to determine the quantity of non-nucleic acid nitrogen present 
in each preparation. 

A method in which urea is employed in the isolation of the nucleic acid 
present in phage (13) has been used to establish some basis for evaluating 
the rapid isolation procedure that we have developed. The nitrogen base 
and phosphorus recoveries obtained from the analysis of the best. prepara- 
tion isolated by the urea procedure are presented in Table I. The nitrogen 
figure of the preparation corresponds closely to the theoretical value pro- 
posed for a nucleic acid of this composition. Other values obtained with 
this preparation lie in the same range as those of the preparations isolated 
by the author’s method. 


Analyses for Desoxyribose and Ribose 


Desoxyribose determinations were made by the cysteine procedure of 
Stumpf (14) on 0.1 per cent aqueous solutions of the nucleic acid. The 
color estimation was made after 30 minutes in a Klett colorimeter at 500 
mu. 

In Table II the mean quantities of desoxyribose are shown. Thymus 
DNA‘ was run simultaneously in each determination. The micrograms of 
desoxyribose present in the phage DNA have been determined by using 
thymus DNA as a standard. The thymus DNA preparation had in tum 
been standardized against pure desoxyribose.> After repeated determina- 
tions it was found that 100 y of thymus DNA gave a color reaction equiva- 
lent to that of 17 y of pure desoxyribose. 

Previously, orcinol determinations (15) were made to check for contami- 
nating ribonucleic acid (RNA) (indicating host cellular contamination) in 


4 The isolation procedure used was a modification by Christensen, Johnson, and 
Hazelhurst of the methods of Mirsky, Gulland, and McCarty (personal communica- 
tion). 

5 Kindly supplied to us by Dr. Lenore Koehler of the Cancer Research Institute 
of the Lankenau Hospital, Fox Chase, Pennsylvania. 
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the DNA isolated from phage. Since this test and its modifications are 
interfered with both by desoxyribose (875 y of thymus DNA give the same 
reaction as 100 y of RNA) and hexoses (100 y of dextrose give the same 
reaction as 105 y of RNA), it has been abandoned. This same observa- 
tion has been reported recently by Brody (16). The presence of uracil in 
the hydrolysate is now considered a more precise indicator of RNA. 


Isolation of Nucleic Acid of E. coli, Strain B 


The isolation procedure has also been used with a frozen Sharples con- 
centrate of a 4 hour culture of EF. coli, strain B, as the starting material. 


TasB_e II 


Micromolar Recoveries of Desoxyribose and Phosphorus in Various 
DNA Preparations 








| 
DNA preparation | Sugar* per 100 yt | P per 100 yt Sugar 

| 

_ | ua uM 

cone skuces ext | 0.2200 | 0.168 | 1.81 
DR hone). cain ccavencte | 0.207 0.162 | 1.28 
Tar (Lot 3)..... eeaaaes | 0.190 | 0.148 1.28 
Mrt (Lot 24)....................., 0.087 | (0.078 1.12 
ee a” 0.135 1.14 
OS eee ole 1.18 
Thymus. .... leclawsocncon tao 0.254 | 0.258 0.985 
1.00 


Theoryt...... oa eat 0.297 0.297 





*The values reported are twice those observed; only half of the sugar in the 
molecule reacts in the cysteine test. 

t Nucleic acid hydrolyzed in formic acid for the P determination; for the sugar 
determination a 0.1 per cent aqueous solution was used. 

t These values were determined from the theoretical polynucleotide fragment. 


To measure the efficiency of the fractionation procedure, determinations 
were made of the amount of desoxyribose and ribose (15) present both in the 
nucleic acid product and in the sedimented protein layer. About 75 per 
cent of the pentose-containing material was found to be in the product. 
The relative quantities of RNA and DNA in the two fractions are very 
close, indicating that the method may be more selective for DNA and 
that some ribose fragments were lost in the alcohol used for precipitating 
the product. 


Relative Viscosity of Products 


The data presented indicate that none of the preparations of DNA is 
as pure as thymus DNA. However, the identification of the components 
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in any of the preparations is not interfered with by the existing impurities, 
This seemed to justify their analysis without further purification. 

A difference in the degree of polymerization of the products from bae. 
teriophage prepared by the two methods seemed indicated from the lack of 
strings in the urea product. Therefore, viscosity determinations were 
made on solutions of the phage DNA preparations (1.5 mg. per ml. in 0,025 
M Veronal buffer (pH 7.55)*). These determinations (Table IIT) showed 
that the viscosity of the T2r (Lot 3) preparation was of the same order as 
that of the thymus DNA isolated by conventional procedures,‘ in contrast 
to that of the urea preparation which was only slightly greater than that 
of water. 

















Taste III 
Relative Viscosities* of Several DNA Preparations 
DNA preparation Viscosity 
RE tia Rial ces Pak gale ans sralen sk 9 5 8 Os 5.60 
IS RR a to a a ae Se ee 5.34 
oe Nie se SR ole EN ele, bis kan 1.07 
ee ae ee a See ee ee ae 1.00 


* Determined by the time required for the solution to flow through an Ostwald 
pipette at 31° as compared to the time required for water. 








DISCUSSION 


To characterize the nucleic acid isolated by us, details of the analyses 
which can be made on a single 10 mg. sample have been presented. 

The relative recoveries of nitrogen bases and phosphorus are in close 
agreement. The molar ratios of the bases confirm those obtained by 
Weed,’ Wyatt and Cohen (17), and Hershey et al. (18). 

The desoxyribose determinations gave higher values with the phage DNA 
preparations than with thymus DNA. However, since the cysteine color 
test depends on the extent of hydrolysis of the nucleic acids, the differences 
may simply represent a variety of configurational structures rather than 
varying desoxyribose content. It is of some interest that the amount of 
color produced is characteristic of the phage type, irrespective of the 
method of nucleic acid isolation. 

The nitrogen values shown in Table I indicate excess nitrogen which 
may be in the form of protein. In studying this point further, amino acid 
chromatographs were run on 1 mg. samples of the formic acid hydrolysates, 


6 We wish to thank Dr. Werner Baumgarten for running these determinations 
for us. 
7 Personal communication. 
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and, except for T6r*+ (Lot 24), only three to four faint spots have been de- 
tected. The hydrolytic procedure may have yielded ninhydrin-positive 
peptides or destroyed a significant amount of the detectable amino acids. 
On the other hand, aqueous solutions of the unhydrolyzed preparations do 
not show a visible interface when shaken with a 4:1 chloroform-amy] alco- 
hol mixture. 

As a result of these determinations and from elementary analysis, it 

‘gems probable that the major contaminant in these preparations, aside 
from a trace of protein, is sodium acetate. No uracil has ever been detected 
in the hydrolysates of the phage DNA preparations and the close correla- 
tion between the nitrogen base and phosphorus recoveries indicates that 
it was not overlooked. It is probable that a very pure preparation could 
be obtained merely by dissolving and dialyzing the initial product and re- 
covering the nucleic acid either by lyophilization or by a second alcohol 
precipitation. Thus, as a primary isolation tool, the method has value. 

The method has been shown to be applicable to bacterial cells also. 
Usually, sonic disintegration, alumina grinding, or some other drastic 
method is considered an important pretreatment prior to nucleic acid iso- 
lation from cells. None of these has been employed here. Some of the 
RNA has been lost and probably is present in a state of polymerization 
below alcohol precipitability. However, the good yield would predict 
that the procedure could be used with small aliquots of growing cultures. 

A highly polymerized product was obtained also in good yield from bac- 
teriophage T7. None of the data has been presented at this time, since it 
has not been as extensively analyzed as the T2r and T6r+ preparations. 

The product obtained by this method has been compared to that obtained 
by the only other satisfactory isolation procedure for phage nucleic acids 
which employs urea (13). The data obtained indicate that the products 
of both procedures were in a satisfactory state for analysis. The isolation 
procedure described in this paper takes only 3 to 4 hours, while that in 
which urea and solvent extractions are used takes at least 12 hours, most 
of this time being consumed in extracting the protein. Nevertheless, little 
difference exists in ‘the nitrogen values of the products. Although the 
product is more pure, the relative efficiency of the urea procedure in terms 
of the yield of DNA P is only 30 per cent of that which we can obtain. In 
the urea method, the extraction step is the most serious cause for loss of 
material; in addition, urea partially depolymerizes nucleic acid so that part 
of it will not be recovered by alcohol precipitation. As evidence of the 
degrading effect, the final product which we obtained was a white floccu- 
lent powder that contained no strings, and its relative viscosity in aqueous 
solution was low. The products obtained by our procedure always occur 
as strings that can be manipulated with a glass hook or forceps; thus, as 
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little as 25 mg. of material can be isolated in a state that minimizes cep. 
trifuging and recovery problems. 


The authors express their gratitude to Dr. B. Hampil, Dr. L. L. Weed, 
and Dr. E. Chargaff for stimulating discussions while this work was jp 
progress. 


SUMMARY 


A procedure in which sodium laury! sulfate and half saturated sodium 
acetate are used in the isolation of desoxyribonucleic acid has been de. 
scribed. A highly polymerized product was obtained in a few hours from 
bacteriophages T2r, T6r*+, and T7 and from their host Escherichia colj. 
strain B. 

The content of phosphorus, nitrogen, desoxyribose, purine, and pyrimi- 
dine bases of some of these preparations was determined. 

The bacteriophage preparations seemed to exhibit a characteristic sugar- 
phosphorus ratio greater than 1. Some of the implications of this finding 
are discussed. 

A comparison has been made of the nucleic acids isolated by this pro- 
cedure with those obtained by one in which urea and deproteinization with 
chloroform-amy] alcohol are utilized. 
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THE BIOCHEMISTRY OF HYDROGENOMONAS 


I. THE HYDROGENASE OF HYDROGENOMONAS FACILIS IN CELL-FREE 
PREPARATIONS 


By DANIEL E. ATKINSON anp BRUCE A. McFADDEN 


(From the Department of Chemistry, University of California, Los Angeles, California) 
(Received for publication, March 15, 1954) 


Hydrogenase, the enzyme which activates molecular hydrogen, is found 
in a variety of both heterotrophic and autotrophic bacteria. It seems 
probable that a hydrogenase is involved in all biological processes which 
liberate or consume molecular hydrogen. Of particular interest is the re- 
action of hydrogen with oxygen (the “‘Knallgas reaction’’) which in some 
organisms supplies energy for the reduction of carbon dioxide by hydrogen. 

Hydrogenomonas facilis is a recently described facultative hydrogen auto- 
troph. Whole cells of this organism reduce nitrate and methylene blue 
at the expense of hydrogen (1) and can assimilate 1 mole of carbon dioxide 
per 2 moles of oxygen reduced in the Knallgas reaction (2). 

This paper reports observations on the hydrogenase of H. facilis in cell- 
free preparations. 


Methods 


H. facilis‘ was grown autotrophically on agar medium containing the 
inorganic components of the medium of Shive and Macow (3). The plates 
were incubated in desiccators under an atmosphere of 70 per cent hydrogen, 
20 per cent air, and 10 per cent carbon dioxide. Frequent changes of the 
gas mixture were necessary for good growth. Autotrophic cells were har- 
vested after 4 to 8 days. Heterotrophic cells were grown on essentially 
the organic medium of Schatz and Bovell (1) plus the above salt medium. 
After the cells had been harvested in 0.067 m phosphate buffer, pH 7.0, 
they were washed twice by centrifugation and resuspension in buffer. 
Washed whole cells were then stored under hydrogen at 5°. Crude cell- 
free preparations were made by disintegration of cells at 3° under hydrogen 
ina Raytheon 9 ke. sonic oscillator, followed by removal of surviving cells 
and large fragments by centrifugation. Hydrogenase activity was meas- 
wed by standard manometric methods, generally at 28°. Enzyme prep- 
arations were routinely equilibrated in the Warburg vessels for 30 minutes 
under hydrogen before tipping in substrate (or introducing a mixture of 
80 per cent hydrogen and 20 per cent air in studies of the Knallgas reaction). 


‘Cultures of this organism were kindly supplied by Dr. C. B. van Niel and Dr. 
Henry Koffler. 
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Results 


Cells grown (autotrophically or heterotrophically) under the hydrogen. 
oxygen-carbon dioxide mixture exhibited Qy, values (microliters of Hy per 
hour per mg. of dry weight) in the range of 500 to 1200 when methylene 
blue (MB) was the acceptor. Cells grown heterotrophically under air failed 
to reduce MB. This last finding is in agreement with the results of Wil 
son et al. (4), but not with a prior report of hydrogenase activity in air. 
grown cells (1). Values of Qu, (N) (microliters of H2 per hour per mg. of 
N) for MB reduction by the cell-free preparations used in this study were 
of the order of 6000. Rates were similar for ferricyanide at its optimal con- 
centration (see below), and about two-thirds as great for the hydrogen. 
oxygen reaction. These preparations lost little of their hydrogenase actiy- 
ity on heating to 60° for 5 minutes, in agreement with the generally 
observed heat stability of the enzyme from other sources. 

Preparations from autotrophically grown cells were used in the exper- 
ments described in this paper; however, the same acceptors and inhibitors 
have also been tested on intact and on sonically disrupted cells grown het- 
erotrophically. Results in all cases were essentially identical. 


Acceptor Studies 


Cell-free material prepared as described contained 65 to 95 per cent of 
the hydrogenase activity of whole cells as measured by reduction of MB, 
ferricyanide, or oxygen. The sum of hydrogenase activity in centrifuged 
débris and in the supernatant cell-free preparations was usually slightly 
above that of whole cells. Disintegration of whole cells at 3° under air led 
to recovery of 93 per cent of whole cell activity, as compared with a r- 
covery under hydrogen of 122 per cent (MB assay). Cell-free preparations 
maintained hydrogenase activity for at least 2 months when stored under 
hydrogen at 5°. 

The apparent activation energy for methylene blue reduction was meas- 
ured as 15.5 kilocalories per mole in the range 13.0—22.8°. 

When rate of hydrogen uptake was measured as a function of MB con- 
centration, a uniform rate was observed above 4 X 10-* m, and no con- 
centration tested was found to be inhibitory. The response to varying 
ferricyanide concentrations is quite different (Fig. 1). Higher concentra- 
tions are markedly inhibitory, and no useful range in which uptake is in- 
dependent of ferricyanide concentration exists. For this reason inhibitor 
studies with this acceptor are reported with some reservations. 

Although whole cells readily reduce nitrate at the expense of molecular 
hydrogen, as reported by Schatz and Bovell (1), no cell-free preparations 
have been obtained which carry out this reaction. The Knallgas reaction 
is carried out both by whole cells and by cell-free preparations. 
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Inhibitor Studies 


To determine whether a readily dissociable metal cofactor is involved in 
reduction of MB, ferricyanide, or oxygen, different concentrations of 
a,a’-dipyridyl and sodium Versenate (ethylenediaminetetraacetic acid) 
were added to the reaction mixture. Since the dissociation constant of a 
chelation complex may depend on the oxidation state of the ion, each com- 





T 











a”. :*~C< at tC 0.4 
MOLARITY OF FERRICYANIDE 
Fic. 1. Rate of hydrogen uptake as a function of ferricyanide concentration 


TaBLeE I 


Effect of Chelating Agents on Reduction by Molecular Hydrogen in Cell-Free 
Preparations of H. facilis 





Electron acceptor Chelating agent H: uptake as per cent of 





contro 

. | 
0.0125 m MB 0.015 dipyridyl 128 
0.05 m ferricyanide 0.015 “3 88 
4% oxygen 0.015 a 93 
0.015 m MB | 0.03 Versene 108 
0.05 m ferricyanide 0.03 " 104 


4% oxygen 0.03 2 97 





pound was tested when premixed with the enzyme preparation under air 
and when tipped after equilibration under hydrogen. Little difference 
was noted between results obtained under these two conditions. Table I 
reports the effects of these chelating agents when premixed with the cell- 
free preparations at the highest concentrations tested. Significant stimu- 
lation results from the addition of 0.015 m a,a’-dipyridyl to the MB- 
reducing system. Lower concentrations of dipyridyl gave similar effects. 
Stimulation was also noted at some concentrations of Versene during MB 
and ferricyanide reduction. When used as a buffer in the reduction of MB 
by hydrogen in Rhodospirillum rubrum preparations, Versene was found 
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stimulatory as compared with phosphate (5). The effect was attributed 
to possible complex formation with toxic ions, an explanation which seems 
equally plausible in the present case. 

Todoacetate and p-chloromercuribenzoate (PCMB) were employed in 
investigation of the possible réle of sulfhydryl groups. These compounds, 
too, were tested by premixture with crude extracts under air and by adding 
under hydrogen. The results with MB and oxygen are presented in Table 
II. Experiments with ferricyanide gave results similar to those with MB, 
The absence of inhibition by iodoacetate indicates that no readily reactive 
sulfhydryl groups are essential for activity of the systems studied. Com- 
plete inhibition of oxygen reduction by 5 X 10-*m PCMB suggests possible 


TABLE II 


Effect of Sulfhydryl Inhibitors on Reduction by Molecular Hydrogen in 
Cell-Free Preparations of H. facilis 


H: uptake as per cent of control 


Electron acceptor Inhibitor 

Inhibitor Inhibitor added 

premixed under H; 

M 

0.0125 m MB 0.025 iodoacetate 108 117 
4% oxygen 0.025 23 94 
0.0125 m MB 5 X 10-* PCMB 69 79 
4% oxygen 2.5 X 10-* PCMB 97 
4% os 5 


xX 10-* PCMB 14 


participation of sluggish thiol groups (in the terminology of Barron (6)). 
The action of PCMB on the reduction of oxygen is shown in Fig. 2. 

Bubbling oxygen through cell-free preparations for 10 minutes at 0° 
caused inactivation which ranged from 0 to 18 per cent for MB, from 18 to 
36 per cent for ferricyanide, and from 18 to 56 per cent for oxygen redue- 
tion. Since some reactivation may have occurred during the preliminary 
equilibration under hydrogen in the Warburg bath, such experiments give 
minimal values for oxygen inactivation. 

The effect of KCN on the reduction of MB and ferricyanide depends on 
whether the inhibitor is added aerobically or after equilibration under hy- 
drogen. With 0.0125 m MB as acceptor, potassium cyanide at 0.0125 
reduced hydrogen uptake to 18 per cent of the control value if enzyme and 
inhibitor were mixed under air; however, a 13 per cent stimulation resulted 
if cyanide was tipped from the side arm of the Warburg flask under a hy- 
drogen atmosphere. With 0.05 m ferricyanide as acceptor, the corres 
ponding rates were 7 and 81 per cent of the control value. The slight stimv- 
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lation by cyanide added anaerobically might suggest complex formation 
with an inhibitory metal. Cyanide strongly inhibits the hydrogen-oxvgen 
reaction at levels well below those used for inhibition with MB or ferri- 
cyanide (Fig. 3). Marked inhibition resulted from distillation of cyanide 
into the reaction mixture before tipping, as indicated by the rates of the 
experimental flasks in this interval as compared with those of the control. 
(To minimize this effect, the potassium cyanide solutions were made up in 
water rather than in buffer at pH 7.0 as were all other components. The 
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Fig. 2. Effect of 5 X 10-4 m PCMB on the Knallgas reaction in a cell-free Hydro- 
genomonas preparation. Gas phase, 80 per cent hydrogen, 20 percent air. X, endo- 
genous; O, control; ©, PCMB premixed with enzyme; @, PCMB added at 25 min- 
utes. 

Fig. 3. Effect of cyanide on the Knallgas reaction in a cell-free Hydrogenomonas 
preparation. Gas phase, 80 per cent hydrogen, 20 per cent air. XX, endogenous; @, 


control; ©, 2.5 X 10-4 m KCN added at 25 minutes; O, 2.5 X 10-? m KCN added at 
25 minutes. 


apparent gas evolution after tipping is due mainly to the increase in vapor 
pressure of HCN on lowering of the pH from about 10.5 in the side arm 
to 7.0 in the main compartment.) 


Fractionation Studies 


A crude cell-free preparation was centrifuged for 20 minutes at 15,000 
p.m. in the No. 40 rotor of a Spinco model L ultracentrifuge (average ac- 
celeration 15,000 x g). The supernatant liquid was decanted and centri- 
fuged for 20 minutes at 25,000 r.p.m. (41,000 X g). The activities of the 
fractions obtained are summarized in Table IIT. Hydrogenase activity is 
concentrated in relatively large particles, and it seems possible that the 
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MB- and ferricyanide-reducing activity found in the small particles and 
in the supernatant liquid arose through disruption of large particles in the 


TaBLe III 
Relative Activities of Fractions Separated by Centrifugation of Crude 
Cell-Free Preparation of H. facilis 
Centrifugation was for 20 minutes in a No. 40 rotor of the Spinco model L ultra- 
centrifuge at the speeds indicated. Manometric measurements corrected for ep. 
dogenous gas uptake. 





Electron acceptor 























Fraction | ars sania — 
MB Ferricyanide | Oxygen 
Crude cell-free preparation. ...... | 100 100 | 100 
| a ——————— 
oe eer errr 72 48 | 72 
25,000 “6 Fer Miva cian Re eee | 6 4 | 0 
25,000 ““ supernatant ih atatadaed 17 9 0 
— — 
ar ih rete leas Jitiato bier & war duandee-s | 95 61 | 72 
TABLE IV 


Effect of Sonic Vibration on Reducing Ability of Particles from H. facilis 
Particles subjected to full output of Raytheon 9 ke. oscillator for 16 minutes (J) 
and 31 minutes (II). P. = precipitate after centrifugation for 20 minutes at 81,000 X 
g; S. = supernatant fraction. The tabulated values are relative rates of hydrogen 
uptake, calculated from manometric measurements corrected for endogenous gas 





























uptake. 
| | Electron acceptor 
Experiment No. Preparation lis ee eee FY: oman 
MB Oxygen 
F | Initial particles 100 100 
I s 13 0 
P 100 186 
a tle y | 113 | 186 
II S. 59 | 8 
| P. 80 | 129 
Sha ct has Staite nati di io dts hin es 139 | 137 





oscillator. (Relatively mild sonic treatment was used in an attempt to 


minimize such effects, and 61 per cent of the initial activity of the whole 
, cells was discarded in the débris precipitated by low speed centrifugation.) 
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The organization of the large particle appears necessary for the transfer of 
electrons from hydrogen to oxygen. Frozen preparations of these fractions 
retained activity for at least several weeks, but dilute suspensions of all 
three were partially inactivated by storage under air at 5°. After 3 days 
of such storage the large particle suspension retained 73 per cent of its 
fresh activity as measured by MB reduction, while the small particles and 
supernatant fraction both showed 40 per cent of initial activity. 

To test the effect of sonic energy on the large particles, aliquots of the 
particle suspension were subjected to the full output of the oscillator for 
16 and 31 minutes at 2°. The resulting suspensions were centrifuged for 
20 minutes at 35,000 r.p.m. (81,000 X g). Precipitates and supernatant 
fractions were tested for ability to reduce MB and oxygen. The results 
are Shown in Table IV. Some disruption of the particles obviously oc- 
curred, and a considerable fraction of that portion of the system required 
for MB reduction was released into the supernatant liquid. The hydrogen- 
oxygen reaction is again seen to occur only in particles; the small activity 
found in one supernatant fraction is very likely due to slight carryover of 
particles during decantation. The sonic treatment also caused marked 
stimulation of both reactions. The shorter treatment resulted in a large 
stimulation of the oxygen reaction but little of the MB-reducing ability 
was rendered soluble; longer treatment decreased the rate of the oxygen 
reaction and much of the reducing ability passed into solution. 


DISCUSSION 


Ferricyanide reduces hydrogen uptake by H. facilis when used at con- 
centrations greater than 0.1 mM. For this reason, some question as to its 
value as an electron acceptor in quantitative studies of hydrogenase should 
be raised, at least in work with this organism. 

Inhibition of the hydrogen-oxygen reaction by cyanide may result from 
inhibition of oxygen activation, in view of the strong effect of cyanide on 
metal-containing terminal oxidases. The effect of higher levels of cyanide 
on MB reduction, however, indicates a second site of cyanide inhibition 
closer to hydrogenase. Since MB reduction seems to involve fewer enzymes 
(or cofactors) than other manometric methods available for hydrogenase 
assay, cyanide probably acts at or fairly near the hydrogenase-catalyzed 
step. 

The effect of cyanide on MB or ferricyanide reduction depends on the 
conditions under which the inhibitor is added. The results indicate ir- 
reversible reaction of cyanide with the oxidized form of some compound 
essential for the reactions. Such an effect, previously demonstrated in 
hydrogenase preparations from other organisms, forms part of the basis 
for the hypothesis that this enzyme requires an iron-containing cofactor for 
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function. However, cyanide might well exert such an effect on other types 
of coenzymes. The addition of cyanide ion to oxidized pyridine nucleo. 
tides (7) and the cleavage of disulfide bonds by cyanide (8) suggest two 
types of such possible effects. Further, lack of effect when added under 
reducing conditions does not necessarily indicate that an inhibitor reacts 
with a compound which remains in the reduced state during function 
rather than undergoing cyclic oxidation and reduction. If, for example, 
lipoic acid or a similar disulfide-sulfhydryl system is involved in hydrogen- 
ase activity, it presumably exists in the oxidized state only fleetingly in 
the presence of hydrogen. It would then be relatively resistant under these 
conditions to an inhibitor like cyanide which reacts only with the oxidized 
form (i.e., the enzyme-catalyzed reduction might be expected to compete 
very favorably with cyanolysis for the disulfide). 

In view of the absence of inhibition by Versene or a ,a’-dipyridyl, it seems 
unlikely that cyanide inhibits by complex formation with a metallic ion, 
although it is possible that bound ions sterically unavailable to the bulky 
chelating agents might coordinate cyanide. 

The finding that hydrogenase of H. facilis resides largely, if not exclu- 
sively, in particulate elements of the cell is in agreement with previous 
reports for other species (9-11). The relative ease of disruption of the 
separated particles lends support to the hypothesis that all of the hydro- 
genase of the intact cell is particulate and that the observed “soluble” 
hydrogenase is an artifact of cell disruption. 

The stimulation of the hydrogen-oxygen reaction by sonic treatment 
may arise from increased availability of the enzymes due to rupture of a 
membrane or to partial disintegration of the particle, either by breakage to 
smaller elements or by opening up to a looser structure with a larger ef- 
fective surface area. In any case, the stimulation indicates that some 
alteration of the particles can occur without concomitant destruction of 
the electron-transfer mechanism, although some degree of particulate or- 
ganization seems necessary for the reaction. 


SUMMARY 


Crude cell-free preparations of Hydrogenomonas facilis retain the ability 
to reduce methylene blue, ferricyanide, and oxygen by molecular hydrogen. 
The nitrate-reducing activity of the intact cell is absent in these prepara- 
tions. 

Chelating agents do not inhibit these reductions, indicating that no dis- 
sociable metallic cofactors are involved. p-Chloromercuribenzoate, but 
not iodoacetate, inhibits all three reductions. The reaction of hydrogen 
with oxygen is strongly inhibited by cyanide. Cyanide also inhibits re- 
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duction of ferricyanide or methylene blue by hydrogen if added to the en- 
zyme preparation under air, but not when added anaerobically. 

Most, and possibly all, of the hydrogenase of this organism is localized 
in particles. After the most vigorous sonic disruption employed on par- 
ticulate preparations, about 40 per cent of the activity for methylene blue 
reduction, but less than 6 per cent of the activity for the hydrogen-oxygen 
reaction, remained in the supernatant fraction after centrifugation at 
81,000 X g for 20 minutes. 

The apparent activation energy for methylene blue reduction by hy- 
drogen in the presence of this hydrogenase is 15.5 kilocalories per mole. 
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There is considerable evidence that COs: fixation occurs commonly in 
the tissues of higher animals. The reaction has been demonstrated in 
vitro (1-4) and in vivo (5-7) and has been observed with many different 
species including mice (7), rats (5, 8, 9), cats (10), fowl (2, 4), rabbits (11), 
dogs (8), and the cow (4, 6). The products isolated from these experi- 
ments have shown that carbon from carbon dioxide appears in all of the 
major organic compounds of animal tissue. Thus carbonate must be con- 
sidered an active metabolite in intermediate reactions, at least qualitatively. 

The quantitative aspects of CO, fixation, or the extent to which carbon- 
ate carbon enters into organic linkage, had not been evaluated until re- 
cently. Kleiber et al. (6) using the intact dairy cow have measured the 
level of fixed carbon in lactose, casein, and milk fat. The uptake of car- 
bonate carbon was followed for a period of 33 hours and from the results it 
was estimated that about 10, 4, and 1 per cent of the lactose, casein, and 
fat carbon, respectively, originated from carbonate in the cow’s blood. 
The present paper reports an extension of this investigation to the amino 
acids isolated from milk casein after injecting NaHC"“O;. The level of 
fixed carbon was estimated for each of fifteen amino acids by comparing 
their specific C™ activities with that of the respiratory COs. The fixed 
carbon was recovered mainly in the non-essential amino acids. 


Methods 


A Jersey cow weighing 483 kilos was injected intravenously with 10 me. 
of C“ in the form of sodium bicarbonate. The method for administering 
the isotope and for collecting and assaying the respiratory CO» has been 
described previously (12). The cow was milked immediately before the 
isotope injection and was milked again at 3, 11, 22, and 34 hours following 
the injection. Casein was prepared from the postinjection samples by 
adjusting the pH of the milk to 4.6 with 1 Nn hydrochloric acid. The 

* The work reported in this paper is supported in part by grants from the National 


Science Foundation and the United States Atomic Energy Commission. Prelimin- 


ary results were presented at the American Institute of Nutrition in New York, 
April, 1952. 
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method for purifying the casein by suspending and reprecipitating the 
preparation, which reduced the possibility of adsorbed contamination, has 
been described previously (13). 


Preparation of Amino Acids 


4.5 gm. of the purified casein were hydrolyzed by boiling under reflux 
with 900 ml. of 6 N HCl for 16 hours. The bulk of the HCl was removed 
by repeated low pressure distillation to dryness, water was added, and the 
solution filtered to remove the insoluble humin, The filtrate was next 
treated with Norit prepared according to Partridge’s (14) method, which 
removed tyrosine, phenylalanine, and the remaining humin from the solu- 
tion. The tyrosine and phenylalanine were recovered from the Norit (14) 
and added to a small column of Dowex 50! (2 X 20 cm.). Elution with 
2.5 n HCl gave complete separation of these amino acids, and each was re- 
covered after crystallization in about 30 per cent yield. The amino acids 
remaining in the filtrate after the Norit treatment were added to a large 
column (4.5 & 125 em.) of Dowex 50' and eluted with HCl (1.3 n HC 
through glutamic acid, 2.5 n through leucine, 3.5 n through histidine, and 
4.5 N to recover arginine). Pure preparations of each of the amino acids 
were recovered by this technique except for serine-threonine and isoleucine- 
leucine. The leucines had only very low isotope content, and further effort 
to separate these amino acids was not attempted. It was desirable, how- 
ever, to separate serine from threonine, and this was accomplished by 
passing the mixture containing these amino acids through an IR-4B col- 
umn, which retained the small amounts of acidic amino acids present in the 
overlap, and next through a buffered column (ammonium formate, pH 
3.2) of Dowex 50 (3.3 75 cm.) (15), which completely separated the 
serine from the threonine. 

After removing the eluent from each amino acid sample under reduced 
pressure, the residue was dissolved in water and treated with Norit to re- 
move the small amount of colored matter that came from the columns. 
Ethylene oxide was added to each sample, and, after standing for 24 to 
48 hours at 10°, absolute ethanol was added and the amino acids erystal- 
lized from solution in the free base form. Some difficulty was encountered 
with the basic amino acids when this method was used; therefore, pyridine 
was substituted for ethylene oxide, and arginine, lysine, and histidine were 
crystallized as their monohydrochloride salts. 


Preparation of Amino Acids for Counting 


The amino acid crystals were triturated once in absolute ethanol, once 
in 50:50 absolute ethanol-absolute ether, and finally in absolute ether. 


! Dowex 50, 200 to 400 mesh size, in the H* form. 
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The sample was transferred as an ether slurry into a tared stainless steel 
cup? which was agitated until the sample was uniformly distributed across 
the bottom surface. The ether was evaporated under an infra-red lamp. 
The sample was then dried at 105° for 1 hour, weighed, and stored over 
Drierite until counted. 

Each sample was counted at least twice in a windowless Geiger-Miiller 
counter (Tracerlab) and for a sufficient period of time to reduce the prob- 
able error to less than 2 per cent. The essential amino acids had low count 
rates and for these samples the probable error was generally higher. When 
less than 85 mg. of sample had been used, appropriate corrections were 
made to adjust each count rate to that of an infinitely thick sample. The 
results are expressed as microcuries of C“ per gm. atom of carbon per milli- 
eurie of C“ injected per kilo of body weight. 


RESULTS AND DISCUSSION 


The specific activities of the amino acids recovered in four consecutive 
periods after injecting NaHC™O; are listed in Table I. In each period the 
(* is located predominantly in the non-essential amino acids. 

In the first sample aspartic acid had the highest specific activity, indi- 
cating that, among the amino acids, aspartic acid is most rapidly formed 
from a compound that is directly fixing carbonate. Primary reactions of 
CO. fixation have been demonstrated that result in the formation of oxal- 
acetate (16), malate (17), and succinate (18). These three compounds are 
interconvertible through the reversible reactions of the citric acid cycle, 
and transamination of oxalacetate would produce aspartic acid. 

From our data we cannot distinguish among these three pathways for 
CO, fixation. Actually all three pathways may function to some degree; 
however; there is evidence that in ruminants, at least, the fixation of CO, 
into succinate may be of considerable importance. Pennington (19) found 
that the uptake of propionate by epithelium of sheep rumen was markedly 
increased in the presence of CO2, which suggested that COs fixation was in- 
volved in propionate metabolism. Similarly, Singleton (20) has reported 
that oxygen consumption of rumen epithelium in the presence of propionate 
was increased by CO, and, if malonate was added to the system, succinate 
accumulated. If one considers the large amount of propionate that is ab- 
sorbed from the rumen, it becomes apparent that this pathway could 
account for a large part of the fixed carbon appearing in the milk protein 
and carbohydrate. Additional, though not conclusive,’ evidence for the 


* Cup area, 4.9 sq. cm. 

*The pathway via oxalacetate could also result in even distribution of C4 between 
carboxyl carbons if the reversible reactions through the dicarboxylic acids of the 
citrie acid cycle were rapid compared to the rate of transamination of oxalacetate. 
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pathway via succinate would result if we find the fixed carbon evenly dis- 
tributed between the carboxyl carbons of aspartic acid. This possibility 
is at present under investigation. 

In the second sample, taken 11 hours after the isotope injection, alanine 
had the highest specific activity, and, in the last two samples, glycine had 
the highest specific activity. Thus the delay in transfer of carbonate to 


TaBLe I 
Specific Activity and Per Cent of Fixed Carbon* in Amino Acids from Casein 





Specific activityt 








| 
| 
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. . |_ Per cent 
Amino acid Time after injection 
| 
} 
} 
} 








|fixed carbon 
3 hrs. | 11 hrs. | 22 hrs. | 34 hrs. | 
NS 65.5 56s Re didwxeranes | 120t¢ 261 =| 73.4 | 30.9 6.5 
ED isi came nciseniesid eves | 43 | 220 | 454 | 16 | 48 
id Siahirndicgs cami tans abd | 39.6 | 266 | 50.2 | 23.2 | 5.5 
sk ciisinatvasiteiinanctaasnes | 19.3 | 188 | 8 | 69.6 | 6 
len renal on ihe cou unas | 25.1 | 3922 | 70.6 | 17.9 | 7.5 
ARIE sa PI | 4 | 172) || 6 OC 3.8 
| NER rarer | 44 | 35 | 23 | 145] 1.4 
EE SIESTA Se ener aan! | 1 | @ | os | 0.4 
Rie caine eg nv eck | oO | 124 | 19.3 | 13.5 | 09 
EOI OEE 1 38 | 46.4 | 1.5 
Leucine-isoleucine..................| 0 11 13.5 | 0.5 
nae ncct piesckeptinecey | 1.4 17.4 | 16.4 | 0.6 
NESE, ere ae eee | o2 | 29 | 3.4 | 0.1 
POND isis ks oshreise de cccsis | tt i 18.3 | 0.6 
EE ese chided edexas seeous | O | 28 | 37.7 | 1.2 





* Per cent of total carbon derived from CO:. 

t (Microcuries of C'* per gm. atom of C)/(millicurie injected per kilo of body 
weight). 

t Specific activity of (120 uc. per gm. atom of carbon)/(millicuries injected per 
kilo of body weight) = 900 net c.p.m. in our counting system. 


the casein-bound amino acids is greater for glycine than it is for alanine 
and is shortest for aspartic acid. Further interpretation of these results 
is difficult because of the many intermediate processes that are involved, 
including several possible pathways for CO, fixation into organic acids, 
conversion of these organic acids to amino acids, and finally the incorpora- 
tion of amino acids into the protein molecule. Any one of these steps 
could be responsible for the delay in transfer of carbonate to the protein- 
bound amino acids and, in addition, differences of intermediate pool sizes 
may affect the results. 
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The level of fixed carbon (per cent of total amino acid carbon that origi- 
nates from COs) in each amino acid may be estimated from the method 
described by Kleiber et al. (6,21). The calculation is based on the average 
specific activity of the respiratory carbon dioxide during successive time 


te 
and the average specific activity of each amino acid (A) during the same 
period. The ratio of these two values, g, (q = 2A dt/J p, dt), represents the 


ty 
intervals ( | ps dt, where p, is the specific activity of respiratory C0) 
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Fig. 1. Ratio of specific activity of amino acid to the average specific activity of 
the respiratory CO2. The asymptote reflects the level of fixed carbon in the amino 
acid. Ag = amino acid carbon derived from carbonate, A = total amino acid carbon. 





fraction of the total carbon that originated from CO:. The gq value has 
been calculated and the resultant values plotted as a function of time for 
alanine and aspartic acid (Fig. 1). The ratio increased with time, but 
approached a limiting value asymptotically. The shape of the curve indi- 
cates that there are many pathways with different delays and quantitative 
importance for transferring CO, to the amino acids.t Had the observa- 
tions continued for a sufficient period, the carbonate traveling all path- 
ways would have appeared in the amino acids and the maximal q value 
would have resulted. By 32 hours after the isotope injection, the C™“ 
level of the samples becomes very low, and the sensitivity of our count- 
ing equipment limits the accuracy of further measurements. The curves 


‘The size of intermediate pools may also influence the shape of the curves. 
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in Fig. 1 indicate, however, that most of the CO2 was transferred during 
the first 32 hours and so the fixed carbon level could be approximated by 
extrapolating the curves to the plateau level. This estimation has been 
made for each of the amino acids, and the resultant value is listed in the 
last column of Table I. Among the non-essential amino acids the fixed 
carbon level varies from about 1.5 per cent in the case of proline to 7.5 per 
cent for alanine. For the essential amino acids the fixed carbon level js 
generally less than 1 per cent. 

Most of the fixed carbon appears in the non-essential amino acids and 
could be accounted for by transfer of CO, into Krebs’ cycle intermediates 
by one of the three primary pathways discussed above. Transamination of 
oxalacetic and a-ketoglutaric acids would account for the fixed carbon in 
aspartic and glutamic acids. Pyruvic acid, which becomes labeled through 
its relationship with oxalacetate, would account for the fixed carbon in 
alanine and serine, and the latter amino acid may be converted to glycine. 
Whether these postulated pathways are responsible for all or part of the 
CO; fixation should be more apparent after degradation of the amino acids 
and recovery of individual carbon atoms. Results on the distribution of 
fixed carbon in the amino acid molecules will be published in the near future. 

Arginine and proline contained relatively low levels of fixed carbon, in- 
dicating that dietary sources may furnish appreciable quantities of these 
two amino acids for the synthesis of milk casein. 

In order to evaluate biological precursors of the amino acids properly, 
when tracer methods (isotopically labeled compounds) are used, one should 
distinguish between the direct utilization of the precursor compound and 
the utilization of the carbon after the precursor has been oxidized to COs. 
The nature of this problem may be illustrated by results previously ob- 
served for acetate utilization in protein formation. Kleiber et al. (22) have 
shown that 1 per cent of the C™ from acetate-1-C“ was transferred to 
casein during the first 34 hours after administering the isotope; however, 
about 40 per cent of this carbon was transferred via the carbonate pool. 
This latter pathway cannot provide the animal with a net gain of carbon in 
a nutritional sense,® even though CO; fixation may be physiologically valu- 
able to the animal by providing useful intermediate metabolites (oxal- 
acetate, etc.) or by enhancing metabolite transport, as is indicated for 
propionate uptake from the rumen. 

The calculation of the amount of carbon transferred via the carbonate 
pool is open to criticism. The assumption that the average specific activ- 


5 CO: fixation is an endergonic reaction requiring energy that the animal body can 
obtain only by catabolizing other organic compounds. Thus a 4-carbon compound 
may be obtained from a 3-carbon + 1l-carbon reaction, but elsewhere in the body 4 
linkage has been altered to provide the energy needed for the CO, fixation. 
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ity of the respiratory CO: reflects the specific activity at the site of CO. 
fixation presumes a rapid diffusion of CO, between the plasma and the 
tissues. If this diffusion is very rapid, then our method is correct, but 
erroneous values may be obtained when the specific activity of the pre- 
cursor carbonate pool differs from the specific activity of the respiratory 
CO... At present, however, there does not appear to be a satisfactory 
alternative for distinguishing between the utilization of carbon at the re- 
duced level state and after oxidation to COs. 

Recently Swick, Buchanan, and Nakao (23) published fixed carbon levels 
for amino acids in rats. Their animals were saturated with C“O. of con- 
stant specific activity for long intervals (several weeks) and the specific 
activity measured for amino acids of liver and muscle protein. The values 
differed for the two tissues, but, when expressed as the mean value for 
C4O.-saturated liver and muscle (aspartic acid 8.4 per cent, glutamic acid 
48 per cent, glycine 4 per cent, alanine and serine about 3 per cent), they 
correspond rather closely with our observed values for amino acids in 
casein. The level of fixed carbon in arginine (12.5 per cent, average value) 
was much higher than in the cow (approximately 4 per cent), undoubtedly 
reflecting the participation of a greater percentage of arginine in urea syn- 
thesis in the rat system. 

The essential amino acids from casein have a markedly higher level of 
fixed carbon than do the corresponding amino acids from rats. This result 
is not surprising when interpreted on the basis of our previous observation 
that carbonate was a more important precursor for the essential amino acids 
of casein than was acetate, propionate, or butyrate (13). In the cow 
large amounts of bicarbonate are transferred from the blood to the rumen 
via the saliva (24) and by diffusion across the rumen wall during absorp- 
tion of the fatty acid anions (20). The carbonate, once in the rumen, may 
be fixed into all amino acids by the microflora functioning there. These 
amino acids become available to the cow after the microflora have passed 
to the small intestine, where digestion of the microbial protein occurs. 
The delay involved in this longer pathway is reflected by the absence of 
appreciable levels of C"* in the essential amino acids in the 3 hour sample 
and by the fact that the maximal C™ level occurs only after 22 hours. 


SUMMARY 


1. The level of fixed carbon was estimated for fifteen amino acids ob- 
tained from casein at four successive time periods following the intravenous 
injection of NaHCO; into a dairy cow. 

2. The level of fixed carbon was highest among the non-essential amino 


‘A calculation error in Table I of this reference shows specific activities of all 
samples 0.1 their actual value. 
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acids, in which values of about 4 to 8 per cent were observed. Among the 
essential amino acids the level of fixed carbon was generally less than 1 per 
cent. 

3. The level of fixed carbon in the non-essential amino acids of casein jn 
the cow had the same magnitude as the fixed carbon level for amino acids 
of rat tissues. 

4. Fixed carbon was transferred most rapidly to protein-bound aspartic 
acid. 


The authors gratefully acknowledge the valuable technical assistance of 
Mr. T. W. Nakagawa. 
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PHOSPHORYLATION COUPLED WITH THE OXIDATION OF 
REDUCED CYTOCHROME c* 


By GLADYS FELDOTT MALEYt ann HENRY A. LARDY 


(From the Institute for Enzyme Research, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, May 17, 1954) 


Numerous attempts have been made to locate the sites at which inorganic 
phosphate is fixed during oxidative phosphorylations. The most precisely 
determined sites are the “substrate level’? phosphorylations accompanying 
the oxidation of glyceraldehyde-3-phosphate and a-ketoglutarate. At 
least two phosphorylation sites appear to be located in the electron trans- 
port sequence between DPNH:' and oxygen, for Lehninger (1) has ob- 
tained more than 1 mole of phosphate uptake per mole of DPN H: oxidized 
by a particulate preparation from rat liver. The oxidation of 8-hydroxy- 
butyrate by mitochondria with ferricyanide as the electron acceptor results 
in the uptake of a mole of phosphate (2, 3), indicating the presence of a 
phosphorylation site rather early in the electron transport sequence. 

Although much of the energy of tissue respiration is liberated during the 
transfer of electrons from reduced cytochrome c to oxygen, there is only a 
limited amount of information concerning the phosphorylations that may 
accompany this transfer (2-4). 

This paper summarizes a study of the phosphorylation which occurs 
during the oxidation of reduced cytochrome c by rat liver mitochondria. 


EXPERIMENTAL 


All respiration and phosphorylation experiments were done with rat liver 
mitochondria isolated in 0.25 m sucrose by the method of Schneider (5) 
and suspended in 1 ml. of 0.25 m sucrose per gm. of fresh liver used. The 
reaction mixture will be described with the experiments. Hexokinase 
was prepared from -yeast by the method of Berger et al. (6) and purified to 
Stage 3a. ATP was obtained from the Pabst Laboratories as the disodium 
salt; crystalline ATP from the Sigma Chemical Company gave identical 
results. 


Neutral solutions of ascorbic acid were prepared immediately before use. 


*Supported in part by a grant-in-aid from the American Cancer Society upon 
recommendation of the Committee on Growth of the National Research Council. 

t Fellow of the National Heart Institute, National Institutes of Health. 

‘The following abbreviations are used: DPNH2, reduced diphosphopyridine nu- 
cleotide; ATP, adenosinetriphosphate. 
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A uniform suspension of l-adrenaline (Eastman Kodak or Winthrop. 
Stearns) was routinely used, since it was found that adrenaline made 
soluble with HCl was oxidized more slowly and was less effective in sup- 
porting phosphorylation.? 

The techniques employed were similar to those described previously (7, 
8). Respiration was measured at 30° by conventional manometric tech- 
nique. The vessels were equilibrated with shaking in a Warburg apparatus 
for 7 to 8 minutes. After taking initial readings, glucose and hexokinase 
were added from a side arm. The contents of a zero time flask were de- 
proteinized with cold 10 per cent trichloroacetic acid. Oxygen consump- 
tion was measured for periods of 10 to 20 minutes. Final readings were 
taken and contents of the flasks were deproteinized as above. Flask con- 
tents were transferred to heavy walled centrifuge tubes and centrifuged 
until clear, and the supernatant liquid was analyzed for orthophosphate 
(9) and ascorbic acid (10) or adrenaline (11). Nitrogen was determined 
by direct nesslerization after complete acid digestion. 


Results 


Several compounds known to reduce cytochrome c were tested for their 
ability to support both oxidation and phosphorylation in the assay em- 
ployed. Cysteine, hydroquinone, p-phenylenediamine, and dihydroxy- 
fumaric acid were rapidly oxidized in the presence of mitochondria and 
cytochrome c, but there was no accompanying uptake of inorganic phos- 
phate. On the other hand, ascorbic acid, l-adrenaline, and 3 ,4-dihy- 
droxyphenylalanine supported oxidation and phosphorylation. Since the 
oxidation of dihydroxyphenylalanine was much slower than that of as- 
corbic acid and adrenaline, the latter two compounds were selected for 
more extensive study. None of these substrates was oxidized at an ap- 
preciable rate in the absence of added cytochrome c. Rigorous exclusion 
of heavy metals was achieved by using glass-distilled water for dissolving 
all reagents and for washing all glassware. When these precautions were 
taken, the oxidation of ascorbic acid or of adrenaline in the absence of added 
cytochrome c, or in the presence of cytochrome c but in the absence of mito- 
chondria, was usually not detectable during the 20 minute experimental 
period. The greatest rate of oxidation observed was 4 per cent of that 
occurring with mitochondria plus cytochrome c. 


? This difference is not ascribable to different salt concentrations. The pH of the 
final mixtures was the same whether soluble adrenaline hydrochloride or the neutral 
suspension was used. Cushing (18) has recently reported that p-benzoquinone is 
cooxidized by tyrosinase only when added in the solid form. 

* Cysteine (19) and hydroquinone or p-phenylenediamine (4) appear to uncouple 
oxidative phosphorylations. 
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Ascorbic Acid System—Friedkin and Lehninger have observed that the 
oxidation of ascorbic acid supported esterification of inorganic phosphate 
only about one-fourth as well as did the oxidation of malate. Judah (2) 
obtained a net esterification of phosphate accompanying the oxidation of 
ascorbic acid with P:O ratios of 0.5 in three determinations and 0.9 in one 
. experiment of shorter duration. Somewhat lower values were obtained in 
5 previous experiments in this laboratory (3). It has now been found that 
the concentrations of ascorbic acid and of mitochondria influence the 
efficiency of phosphorylation (Table I). At the highest levels of these two 
- constituents a P:O ratio of approximately 0.5 was obtained. This is in 
¢ agreement with the values reported by Judah using these same concentra- 
. 
d TaBLe I 
e Phosphorylation Accompanying Oxidation of Ascorbic Acid 
d P:0 
Mitochondrial suspension . — . 
10 wm ascorbic acid | 30 um ascorbic acid 
ml. : m 
ir 0.1 0.76 0.73 
0.2 0.67 0.56 
if 0.3 0.66 0.45 
y- 0.5 0.62 0.47 
id as = een eee a. . e i 
S- The reaction vessels contained 6 um of ATP, 30 um of phosphate buffer, pH 7.4, 
y- 30 um of MgSOx, 40 um of KF, 0.3 um of cytochrome c (Sigma), 50 um of glucose, hex- 
’ okinase, the indicated quantities of ascorbic acid and liver mitochondria, and 
he isotonic sucrose to a final volume of 3.0 ml. 0.2 ml. of 5 Nn KOH in the center well. 
S- Gas phase air; temperature 30°. The mitochondrial suspension contained 3.4 mg. 
or of N per ml. 
p- 
on tions of reactants. However, somewhat higher P:O values (0.7) were ob- 
ng tained when lower concentrations of ascorbic acid and mitochondria were 
ore employed. 
ed Balance studies shown in Table II demonstrate that ascorbic acid is 
to- undergoing only a one-step oxidation to dehydroascorbic acid in this sys- 
tal tem. The experimental value of 0.92 for O to ascorbic acid agrees well 
nat with the theoretical value of 1. Data summarizing twenty-six other ex- 
periments in which only P and O were measured are given at the bottom 
of Table II; an average P:O of 0.76 was obtained. 
a Adrenaline System—Somewhat different conditions were found to be 
2 optimal when adrenaline was used to reduce the cytochrome c. As shown 
in Table IIT the highest P:O values were obtained when 30 uo of adrenaline 
iple were added to each flask. The oxygen consumption was not directly pro- 
portional to mitochondrial concentration, possibly because of the limited 
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solubility of adrenaline. The oxidation of adrenaline yields a quinone 
which is dehydrogenated to adrenochrome. The stoichiometry of this 
two-step oxidation is shown in Table IV. The experimental value of 1.93 

















TaB_e II 
Phosphorylation Accompanying Oxidation of Ascorbic Acid 
Aascorbic . a 

AP | 40 acid | P:0 | Ascorbic acid 
uM : 2 microatoms | uM ie es | 

3.4 4.4 | 4.3 |0.77 | 10 

3.4 4.0 4.4 | 0.85 | 0.9 

3.5 | 5.3 | 5.8 | 0.66 | 0.9 

3.3 | 5.1 | 5.8 | 0.65 | 0.9 

——— —————_ — —_— | — | 
Average......3.4 | 4.7 5.1 | 0.72 | 0.92 


le eS: 3.5 (2.0-5.5)) 4.6 (3.3-7.0) 0.76 (0.55-1.0) | 





10 uM of ascorbic acid and 0.2 ml. of mitochondrial suspension were added to each 
flask. Other flask contents and experimental conditions were the same as those de- 
scribed in Table I. 

* Average of twenty-six other determinations. The range of observed values is in 
parentheses. 





TaBLe III 


Influence of Substrate and Enzyme Concentration on Phosphorylation Accompanying 
Oxidation of Adrenaline 














| ; ' | 
Adrenaline| AP | 40 | P:O Mitochondeia AP so | PO 
a uM microatoms | mil. pM microatoms | 
10 19 | 45 | 042 | 02 4.6 6.3 | 0.73 
2 | 39 | 61 | 064 | 0.3 5.9 | 7.4 | 0.80 
30 6.8 | 8.0 | 0.85 0.5 98 | 12.6 | 0.78 





The flask contents and experimental conditions were the same as those described 
in Table I except that adrenaline was used to reduce cytochrome c instead of ascorbic 
acid. The data for varying adrenaline concentrations are the average of three 
similar experiments in which 0.5 ml. of mitochondrial suspension (average 3.6 mg. 
of N per ml.) was used; experimental period 10 minutes. In the experiment with 
varying amounts of mitochondrial suspension (3.1 mg. of N per ml.), 30 uM of ad- 
renaline were added per flask and the experimental period was 15 minutes. 





atoms of oxygen consumed per mole of adrenaline disappearing agrees well 
with the theoretical value of 2.0. The reproducibility of the results ob- 
tained is evident from Table IV which contains data for duplicate flasks in 
seven different experiments. Adrenochrome (5 uM per flask) was not ox- 


dized and did not interfere with the phosphorylation measured in the pres- 
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TaBLe IV 
_Phosphorylation Accompanying Oxidation of Adrenaline 
a? | 40 |  -¥ | P:0 Adrenaline 
— = | - 
a pM microatoms } pmM | 

6.1 8.6 4.4 | 0.71 1.95 

6.1 8.6 | 4.2 | 0.71 | 2.05 

7.2 9.6 | 5.7 | 0.75 | 1.70 

6.9 9.1 5.5 | 0.76 | 1.65 

5.9 8.7 4.7 | 0.68 | 1.85 

6.0 8.4 4.4 | 0.71 | 1.90 

5.9 8.4 4.0 | 0.70 2.1 

5.9 8.3 3.8 | 0.71 2.2 

5.7 7.4 3.7. | 0.77 2.0 

5.5 7.3 3.6 | 0.75 2.0 

7.2 9.7 5.3 | 0.74 | 1.8 

6.7 8.9 4.8 | 0.75 | 1.85 

8.0 10.0 5.3 | 0.80 | 1.9 

8.3 11.2 5.5 he 0.74 | 2.0 

| 
| 
Average......6.5 8.9 4.6 | 0.73 | 1.93 
“  * | 6.8 (4.6-9.8)| 8.9 (6.3-12.6) | 0.76 (0.69-0.86) | 











30 wm of adrenaline and 0.5 mi. of mitochondrial suspension per flask; « other ex- 
perimental conditions as in Table ITI. 


* Average of twenty-one other determinations. The range of observed values is 
in parentheses. 


TABLE V 
Lack of Effect of Antimycin A on Oxidation of Ascorbic Acid and Adrenaline 








Substrate Inhibitor 








z AO P:0 
| pM microatoms 

Ascorbic acid None 2.7 3.8 0.71 
. ” Antimycin A, 1 2.3 3.7 0.62 

«“ - DNP, 2 X 10° w | 0 | 4.1 0 
Adrenaline None so. | 72 {| Qe 
“ Antimyein A, 1 y ai 4 6} OM 

“ DNP,2X10-°mu_ | 0 7.5 | O 
a-Ketoglutarate None 17.9 4.7 3.8 

24 Antimycin A, 1 y 0 








In the experiments with ascorbic acid, the venstion mixture contsiand 10 1 po of 
ascorbic acid and 0.2 ml. of mitochondrial suspension; in the remaining experiments 
0.5 ml. of mitochondrial suspension (3.15 mg. of N per ml.) was employed. Ad- 
renaline was present at 30 uM per flask. In the experiment with a-ketoglutarate (20 
uM per flask), the flasks contained only 0.03 um of added cytochrome c. 
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ence of adrenaline. In twenty-one other experiments an average P:() 
value of 0.76 was obtained. 

Experiments with Inhibitors—Evidence has been presented (12) which 
indicates that the antibiotic antimycin A is a potent inhibitor of a compo- 
nent in the respiratory chain prior to cytochrome c and cytochrome oxidase. 
If this is correct, and if externally reduced cytochrome c reacts with mito- 
chondrial cytochrome c¢ or cytochrome oxidase, antimycin A should not 
interfere with the phosphorylations associated with the oxidation of as. 
corbic acid and adrenaline. Results of several experiments with both as. 
corbic acid and adrenaline to reduce the cytochrome c¢ are summarized jn 
Table V. Antimycin A‘ did not interfere with either the oxidation or the 
phosphorylation. Oxidative phosphorylation with a-ketoglutarate as sub- 
strate was measured in the same experiments and a P:0O of 3.8 was ob- 
tained. The oxidation of this substrate was completely inhibited by 1 y 
of antimycin per flask. 

2,4-Dinitrophenol (DNP) did not affect the oxidation of ascorbic acid 
or adrenaline but completely abolished phosphorylation. 

In three experiments the O-adrenaline ratio in the presence of 1 y of 
antimycin A per flask was found to be 2. Thus the second oxidation step 
is likewise not sensitive to antimycin A. 


DISCUSSION 


Previous evidence (2-4) for a phosphorylation associated with electron 
transport between reduced cytochrome c and oxygen has been confirmed 
and extended in the present investigation. Ascorbic acid has been used 
previously for such studies, since it spontaneously reduces cytochrome ¢. 
Data were presented which demonstrate that this is a single step oxidation 
consuming 1 mole of ascorbic acid per atom of oxygen consumed. This 
makes it unlikely that the phosphate uptake is associated with oxidation of 
dehydroascorbic acid or its breakdown products (cf. (4)). 

The oxidation of adrenaline to adrenochrome has likewise been shown 
to support the uptake of nearly 1 mole of phosphate per atom of oxygen 
consumed. At least two lines of evidence indicate that it is unlikely that 
the phosphate uptake occurring during the oxidation of ascorbic acid or 
adrenaline involves electron transport enzymes below the level of cyto- 
chrome c. The oxidation of these compounds did not occur in the absence 
of added cytochrome c. Secondly, quantities of antimycin A sufficient to 
block completely the oxidation of a-ketoglutarate did not inhibit the oxida- 


4 The antimycin A was kindly supplied by Professor F. M. Strong. 

5 Dr. A. L. Lehninger has informed us (private communication) that he and his 
coworkers have obtained phosphate uptake during the oxidation of chemically r- 
duced cytochrome c. 








tion of 
tion. 
Slate 
14) inc 
the up 
that tl 


ports 1 
gether 
oxidati 
tion 0¢ 


Rat 
renalir 
couple 
consur 
phenol 
taneou 
phosph 

Neit 
ing ph 
block 


mom oo bo 
= 
| 





ywn 
gen 
hat 
l or 
yto- 
nce 
t to 
ida- 


| his 


y Te- 





G. F. MALEY AND H. A. LARDY 909 


tion of ascorbic acid or adrenaline nor affect the accompanying phosphoryla- 
tion. 

Slater and Holton (13) have recently questioned the validity of data (3, 
14) indicating that the oxidation of a-ketoglutarate to succinate supports 
the uptake of 4 moles of phosphate. Slater had previously reported (15) 
that the transfer of electrons from a-ketoglutarate to cytochrome c sup- 
ports the uptake of more than 2 moles of phosphate. That finding, to- 
gether with the present evidence that a phosphorylation occurs during the 
oxidation of reduced cytochrome c, indicates again that the over-all oxida- 
tion occurs with a P:O ratio in excess of 3 (cf. (16, 17)). 


SUMMARY 


Rat liver mitochondria catalyzed the oxidation of ascorbic acid or ad- 
renaline only in the presence of added cytochrome c. This oxidation is 
coupled with the uptake of nearly 1 mole of phosphate per atom of oxygen 
consumed. The phosphate uptake is abolished by 2 X 10-° m 2,4-dinitro- 
phenol. Some other agents which, like ascorbic acid and adrenaline, spon- 
taneously reduce cytochrome c are oxidized, but no net esterification of 
phosphate could be measured. 

Neither the oxidation of ascorbic acid or adrenaline, nor the accompany- 
ing phosphorylation was inhibited by antimycin A, an agent known to 
block electron transport below the level of cytochrome c. 
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PHOSPHORYLATION COUPLED TO THE OXIDATION OF 
ASCORBIC ACID BY ISOLATED MITOCHONDRIA* 


By ALBERT L. LEHNINGER, MANSOOR vt HASSAN, anp 
HERSCHEL C. SUDDUTHt 


(From the Department of Physiological Chemistry, School of Medicine, 
The Johns Hopkins University, Baltimore, Maryland) 


(Received for publication, May 10, 1954) 


It has been established that at least two, and very likely three, phos- 
phorylations are coupled to electron transport between reduced diphospho- 
pyridine nucleotide and molecular oxygen in isolated mitochondria (1-3). 
However, very little is known of the location of these phosphorylating 
reactions along the chain of respiratory carriers. The point of greatest 
uncertainty and one of considerable importance is the question of the exis- 
tence of one or more phosphorylations coupled to the oxidation of ferro- 
cytochrome c by oxygen via cytochromes a and a3. 

It was found several years ago that the oxidation of ascorbic acid by sus- 
pensions of mitochondria in the presence of oxygen caused an incorpora- 
tion of inorganic radiophosphate into adenosine polyphosphates (4). As- 
corbate is known to reduce ferricytochrome c non-enzymatically at a high 
rate and therefore serves as a means of generating ferrocytochrome c con- 
tinuously in such experiments (cf. (5)). More recently Judah has pre- 
sented a limited number of data obtained from non-isotopic experiments 
in which P:O ratios from 0.5 to 0.9 were observed for the one-step oxidation 
of ascorbate to dehydroascorbate by oxygen in liver mitochondria (6). 
However, Copenhaver and Lardy (3) were not able to obtain such high 
P:0 ratios under similar conditions and Slater was unable to detect any 
phosphorylation coupled to ascorbate oxidation in heart muscle sarco- 
somes.! The existence of a phosphorylation step between ferrocytochrome 
cand oxygen has also been questioned by other work of Slater (7), who 
found the same P:‘' ratio (maximum approximately 2.3) when a-keto- 
glutarate was oxidized by ferricytochrome c anaerobically as when molecu- 
lar oxygen was the ultimate oxidant. Heart muscle sarcosomes served as 
experimental material in Slater’s experiments. There is, therefore, no 
substantial agreement that phosphorylation is directly coupled to the 


* This investigation was supported in part by grants from the National Institutes 
of Health and the Nutrition Foundation, Inc. 

t Commander, Medical Corps, United States Navy. The opinions or assertions 
contained herein are the private ones of the authors and are not to be construed as 
official or reflecting the views of the Navy Department or the naval service at large. 

‘Personal communication. 
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action of the cytochrome system, and, since this question is of considerable 
significance, it is being examined more closely in this laboratory. 

In this paper are described the experimental conditions which have 
consistently yielded P:O ratios approaching 1.0 during the one-step oxida- 
tion of ascorbate to dehydroascorbate by rat liver mitochondria. 


EXPERIMENTAL 


Rat liver mitochondria were prepared from 0.25 mM sucrose homogenates 
essentially as described by Lardy and Wellman (8). The mitochondria 
were washed three times with cold 0.25 m sucrose (with complete removal 
of the so called “fluffy layer’ of microsomes) and suspended in cold 0.075 
M sucrose so that 1.0 ml. of suspension contained the mitochondria derived 
from 1.0 gm. of whole liver. Such suspensions were usually held for 10 to 
15 minutes at 0° before addition to the test vessels. The choice of 0.075 
M sucrose as suspending medium for experiments in which ascorbate was 
substrate rests on work described later. When glutamate was the sub- 
strate, the mitochondrial suspension was made up in either 0.18 or 0.25 
M sucrose. 

The test system (volume 2.0 ml.) contained 50 um of phosphate buffer, 
pH 7.4, when glutamate was the substrate, or 20 um when ascorbate was 
the substrate, 10 um of MgCl, 2.0 um of ethylenediaminetetraacetate (Ver- 
sene), 5.0 um of adenosinetriphosphate (ATP) (Pabst Laboratories), 20 
um of KF, 0.02 um of cytochrome c, glutamate, ascorbate, and other sub- 
strates or inhibitors in the concentrations noted in Tables I to IV, and 0.50 
ml. of a suspension of mitochondria containing the mitochondria derived 
from 0.5 gm. of wet weight of rat liver. The side arm contained 0.3 ml. 
of hexokinase (Pabst Laboratories) dissolved in 0.25 m glucose (total of 
75 um of glucose). The amounts of hexokinase usually used permitted a 
rate of transphosphorylation which represented at least a 5-fold excess over 
the rate of formation of ATP in the mitochondrial system. The vessels 
were loaded at room temperature. 

All reactions were carried out under air as the gas phase in a refrigerated 
Warburg bath at 15.0° following a period of temperature equilibration be- 
tween 7 to 10 minutes. Taps were then closed and the hexokinase-glucose 
solution tipped into the main compartment. Reaction times varied from 
20 to 60 minutes as indicated. Zero time orthophosphate values were 
determined by adding trichloroacetic acid (TCA) to identical control ves- 
sels at the end of the equilibration period. To insure precision of timing, 
the TCA was added in the following manner: Warburg vessels having one 
side arm were fitted with venting plugs closed off from the gas phase in the 
vessel by a half turn. By means of a syringe with a long needle, 0.2 ml. of 
50 per cent TCA (weight per volume) was introduced into the capillary of 
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the venting plug. A small rubber bulb was fitted to the top of the plug. 
In order to introduce the TCA into the vessel at the required time, the 
plug was rotated into position so that the capillary space was made con- 
tinuous with that of the gas space within the vessel. The TCA was then 
forcibly injected into the vessel with the rubber bulb and the flask con- 
tents were mixed by tipping. This technique permitted precise timing of 
the fixing of control experiments, since the entire operation required only 
a matter of seconds. The fixed reaction medium could then be diluted to 
a larger volume with 5 per cent trichloroacetic acid prior to analysis for 
phosphate. The timing of the equilibration period of experimental and 
control vessels was carried out individually and precisely, so that the P:O 
ratios obtained were accurately measured and contained no factor ob- 
tained by uncertain extrapolation procedures. Orthophosphate was meas- 
ured by a modification of the method of Gomori (9). In measurements of 
orthophosphate in solutions containing ascorbic acid, the orthophosphate 
standards for the colorimetric determination must also be prepared to 
contain ascorbate in approximately the same amount as in the test samples. 
This is necessary, since ascorbic acid also reduces phosphomolybdate and 
furthermore causes the optical density to be somewhat greater for a given 
amount of orthophosphate than is the case with Elon, the reducing agent 
used in the Gomori modification of the Fiske-Subbarow procedure. Al- 
ternative procedures are to oxidize the remaining ascorbate in test samples 
by titration with permanganate or to employ a very large excess of ascorbic 
acid as a reducing agent in the colorimetric determination, without the use 
of Elon or other reducing agents. Without appropriate procedures to take 
account of this effect of ascorbic acid, orthophosphate may be overesti- 
mated 5 to 10 per cent in experiments of the type described and calculated 
P:0 ratios would, of course, also be falsely high by this magnitude. 

Solutions of ascorbate and other autoxidizable substances were prepared 
and neutralized just before use. 

RESULTS AND DISCUSSION 

Through a systematic study it was found possible to define the optimal 
experimental conditions for demonstration of phosphorylation coupled to 
the one-step oxidation of ascorbate to dehydroascorbate in suspensions of 
rat liver mitochondria. Data for a number of experiments carried out 
under these optimal conditions are presented in Table I. In most of such 
experiments glutamate was used as a control substrate to insure that each 
preparation of mitochondria used was active in the oxidative phosphoryla- 
tion process. The P:O ratios obtained for glutamate lay in the range 2.1 
to 3.0, in agreement with the results of other workers (3, 10). Further- 
more, controls were also carried out to measure the magnitude of endoge- 
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nous changes in the absence of substrate. 
and glutamate in Table I were not corrected for such endogenous changes, 
but the data pertaining to the latter are also given in many instances. 


TaB_eE [ 


P:O ratios given for ascorbate 


Phosphorylation Coupled to Oxidation of Ascorbate 


Experimental conditions as described in the text. 
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It is seen from the data in Table I that the oxidation of ascorbate was 
clearly accompanied by phosphorylation. The P:O ratio varied from 
0.67 to 0.88 in the case of liver mitochondria in the experiments reported. 
In a large number of experiments the highest P:O ratio observed was 
1.18 and in this case the endogenous phosphorylation was significantly 
high. In all experiments carried out under optimal conditions the P:O 
ratio of ascorbate oxidation was found to be approximately one-third of 
the P:O ratio observed with glutamate as control substrate, as would be 
expected if one of the three phosphorylations accompanying glutamate (or 
reduced diphosphopyridine nucleotide (DPNH)) oxidation is coupled to 
the transport of electrons between ferrocytochrome c and molecular oxygen 
and all three phosphorylation steps proceed with roughly equal net effi- 
ciency in any one preparation of mitochondria. 

It is also seen that the phosphorylation coupled to ascorbate oxidation 
is associated with the one-step reaction ascorbate to dehydroascorbate and 
may not be attributed to the further oxidation of dehydroascorbate or 
diketogulonate by the mitochondria. Experiments 10 and 11 (Table I) 
show that dehydroascorbate added as substrate instead of ascorbate caused 
no extra oxygen uptake or phosphorylation. Furthermore, direct measure- 
ment of ascorbate disappearance indicated good agreement with extra 
oxygen uptake, as was earlier observed by Judah (6) under similar cireum- 
stances. From these results it may be concluded that the electron trans- 
port from ferrocytochrome c to oxygen associated with the oxidation of 
ascorbate to dehydroascorbate is accompanied by a maximum of one phos- 
phorylation under the conditions employed. 

Rat kidney and rat brain mitochondria also clearly showed phosphoryla- 
tion coupled to oxidation of ascorbate (Experiments 12 and 13, Table I). 
Although the P:O ratios observed were somewhat lower than those in the 
case of liver mitochondria, it should be pointed out that no special effort 
was made to determine the optimal conditions for the phosphorylation in 
brain and kidney mitochondria. 

There appeared to be no action of the hexokinase preparations used which 
caused phosphorylation unassociated with ascorbate oxidation. The sub- 
stitution of adenosinediphosphate (ADP) as acceptor in high concentra- 
tions for the hexokinase-glucose “trap” yielded P:O ratios about two-thirds 
as high, despite considerable dephosphorylation losses. 

The permeability of the mitochondrial membrane or the accessibility of 
externally added ascorbate and cytochrome c to the sites in the mitochon- 
drion where the phosphorylating electron transport presumably takes place 
represents an important factor in the experimental demonstration of P:O 
ratios approaching the value of 1.0. In Table II is shown the effect of 
cytochrome c concentration in the test medium on the rate of oxidation of 
added ascorbate and on the P:O ratio. In the absence of added cyto- 
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chrome c there is very little oxidation of added ascorbate. This fact in- 
dicates that external ascorbate cannot penetrate readily to the cytochrome 
e within the mitochondria, since intact liver mitochondria are known to 
contain sufficient cytochrome c to permit high rates of oxidation of tri: 
carboxylic acid cycle intermediates, which are not increased by the presence 
of external cytochrome c. Increasing the concentration of external cyto- 
chrome c in the medium greatly increases the rate of oxidation of ascorbate. 
Observations similar to these have been reported by Slater (5) for the case 
of heart muscle sarcosomes. However, it is seen from the data in Table 
II that the P:O ratio is maximal at low cytochrome c concentrations. The 
lower P:O ratios at higher concentrations of cytochrome c are not due to 
an uncoupling action of cytochrome c, since they do not affect the P:0 
ratio when glutamate is the substrate. It therefore appears that, as the 


TABLE II 
Effect of Cytochrome c Concentration 


0.05 M ascorbate used throughout. Experimental conditions as in the text. The 
figures given are corrected for endogenous changes. Time, 40 minutes. 





Cytochrome ¢ | Oz uptake | P uptake P:0 
| 

M | microatoms uM 
0 | 1.13 1.17 (1.04) 
5 X 10-° 6.36 | 4.5 0.71 
2x 10-5 9.8 5.26 0.54 
5 x 10-5 11.35 5.00 0.44 
2.5 X 10-4 | 9.35 2.52 


0.27 





cytochrome c concentration is raised, an increasingly greater fraction of 
ascorbate oxidation occurs by a non-phosphorylating pathway. Non- 
enzymatic autoxidation of ascorbate (see below) does not appear to be the 
main cause. It is quite possible that sets of non-phosphorylating cyto- 
chrome oxidase systems exist either at the periphery of intact mitochon- 
dria or in damaged mitochondria present in the population tested which 
come into play at higher cytochrome c concentrations. It would appear 
from the data that such non-phosphorylating cytochrome oxidase systems 
have a much higher K,,, for external ferrocytochrome c than does the phos- 
phorylating type of cytochrome oxidase system in intact mitochondria. 
It is already known that in non-phosphorylating cytochrome oxidase sys- 
tems of water homogenates of liver (11) and muscle particles of Keilin- 
Hartree (5) the saturating level of cytochrome c is very high (>1 X 10° 
mM) when ascorbate is the substrate. For convenient experimental obser- 
vation of maximal P:O ratios, the cytochrome c concentration in the test 
medium must therefore be high enough to allow readily measurable rates 











of ascc 
oxidati 


was en 
posing 
that ev 

A sec 
P:0 re 
solution 
effects 


Live 
solution 
lation t 
through 


Experime! 


concent 
dria in 
yields ; 
corbate 
0.25 M | 
and ger 
pretrea 
isties o! 
eytochr 
pathwa 
oxidatic 
timal. 





4. L. LEHNINGER, M. UL HASSAN, AND H. C. SUDDUTH 917 


‘n- | of ascorbate oxidation but low enough to keep the non-phosphorylating 
me | oxidation at a minimum. A concentration of | X 10-° m cytochrome c 
fo | was employed throughout this study as a compromise between these op- 
ri: | posing factors, but it is obvious from consideration of the data of Table II 
ice | that even this concentration does not yield the highest possible P:O ratios. 
to- A second experimental factor leading to successful demonstration of high 
te. | P:0 ratios is the treatment of the mitochondria with hypotonic sucrose 
ase | solutions prior to the phosphorylation test. In Table III are shown the 
ble | effects of suspending liver mitochondria in sucrose solutions of varying 


‘he 


TaB_e III 


to 
+) Effect of Tonicity in Pretreatment of Mitochondria 
the Liver mitochondria, after usual washing in 0.25 M sucrose, suspended in sucrose 


solutions of varying concentrations and held at 0° for 15 minutes prior to phosphory- 
lation test. Other conditions described in the text. Concentration of ascorbate 
throughout was 0.05 m. 





Sucrose concentration 








The | Experiment No. in pretreatment Oz uptake P uptake P:0 
- | | 
} M microatoms pM 
1 0.25 8.37 4.82 0.58 
| 0.20 8.76 5.84 0.67 
0.15 9.05 | 6.40 0.71 
0.125 9.85 | 7.51 0.76 
| 2 0.20 6.34 3.20 | 0.51 
| 0.15 7.41 | 4.0 0.54 
0.10 7.91 6.48 0.82 
0.075 8.46 6.80 0.80 
— 3 0.10 9.56 7.10 0.74 
0.075 7.33 6.25 0.85 
. of 0.05 8.71 5.67 0.65 
 ON- 0.00 10.2 4.86 0.48 
the | — . 
yto- 


ion. | concentration on the P:O ratio. It is seen that pretreatment of mitochon- 
hich | dria in 0.075 to 0.10 m sucrose at 0° for 10 to 15 minutes before the test 
pear yields maximal P:0 ratios. Although phosphorylation coupled to as- 
ems | ‘orbate oxidation can be demonstrated with mitochondria handled in 
hos- | 925 M sucrose in the usual manner, the P:O ratios are then quite variable 
jria, | ad generally considerably lower than those observed after the hypotonic 
svs- | Pretreatment. It appears that this pretreatment alters the character- 
iin. istics of the mitochondrial membrane in such a way that external ferro- 
10+ } ‘ytochrome ¢ becomes more accessible to the “internal” phosphorylating 
pser- | Pathway of electron transport. For maximal P:O ratios during glutamate 
test | dation, pretreatment of mitochondria in 0.18 M sucrose was found op- 
ates | ‘mal. Slater and Cleland have already found that somewhat hypotonic 
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media yield maximal P:O ratios in heart muscle sarcosomes oxidizing 
a-ketoglutarate (12). 

A third point concerned with the successful demonstration of high P:0 
ratios in this system is the purity of the cytochrome c used. We have found 
that two out of three commercial cytochrome c preparations tested con- 
tained sufficient amounts of free metal ions (possibly Fe** or Fet+++) or 
“modified” forms of cytochrome c such as those described by Margoliash 
(13) to catalyze the non-enzymatic autoxidation of ascorbate at signifi- 
cantly high rates. Obviously such non-enzymatic and non-phosphorylat- 
ing autoxidation of ascorbate will reduce the measured P:O ratios in pro- 
portion to the fraction of the total oxidation proceeding in this manner, 
Some commercial preparations of cytochrome c obtained from the Sigma 
Chemical Company were found to be virtually free of such impurities 
without further purification and were used in much of this work. Versene 
was often added to the test system at 0.001 m in order to aid in minimizing 
catalysis of autoxidation by trace metals; at higher concentrations (0.005 m) 
Versene decreased the P:O ratio, however. None of the data presented 
have been corrected for autoxidation of ascorbate. Although such corree- 
tions would increase the value of the P:O ratios reported, the exact mag- 
nitude of this correction is difficult to assess (5, 11). Some control exper- 
iments have indicated that such corrections are justified and in most of the 
experimental figures reported here an upward correction of the P:O ratio 
of about 5 to 10 per cent would be entirely reasonable. 

The phosphorylation coupled to ascorbate oxidation was found to be un- 
coupled by inhibitors known to uncouple phosphorylation accompanying 
the oxidation of substrates such as succinate, glutamate, 8-hydroxybutyr- 
ate, etc. In Table IV it is shown that 2 ,4-dinitrophenol, Ca**, gramicidin, 
and methylene blue uncouple phosphorylation coupled to ascorbate oxida- 
tion without greatly affecting the rate of oxidation. Some evidence that 
the ascorbate-linked phosphorylation is somewhat more sensitive to cer- 
tain uncoupling agents than the other phosphorylations accompanying 
glutamate oxidation was obtained (for instance, gramicidin (Table IV)). 
However, in tests of a limited number of compounds, no inhibitor was 
found that appeared to be completely specific for the cytochrome c-linked 
phosphorylation. 

Cytochrome c is readily reduced non-enzymatically by a number of sub- 
stances in addition to ascorbate. Among these are cysteine, dihydroxy- 
maleic acid, p-phenylenediamine, hydroquinone, and adrenaline (5). None 
of these were found to be as useful as ascorbic acid in serving as the redue- 
tant of ferricytochrome c in phosphorylation tests. Occasionally, some 
phosphorylation was observed coupled to the oxidation of cysteine and 
adrenaline, but this was never as efficient as in the case of ascorbate. 
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ig Other observations indicate that the oxidation products of some of these 
substances are themselves capable of uncoupling phosphorylation and such 
0 effects could account for the failure to demonstrate coupled phosphoryla- 
id 
n- TABLE IV 
or Effect of Inhibitors on Ascorbate-Linked Phosphorylation 
sh Experimental conditions described in the text. Rat liver mitochondria were used 
fi- throughout. Incubation times from 27 to 60 minutes. 
Mt Experi- we 
0- meat Substrate Inhibitor Oz uptake P uptake | P:0 
eT, — — — — ———_|———_ — 
M microatoms uM 
om 1 | 0.01 ascorbate None 10.9 9.42 0.87 
les 0.01 ™ 1 X 10-' m DNP* 11.1 1.87 0.17 
ne 0.01 ” At=.6hO Ur 12.1 —1.29 
ng 0.01 - 0.0025 m CaCl, 12.1 —4.73 
M) 0.01 glutamate None 8.97 19.6 2.19 
ed 0.01 ss 1 X 10°°u DNP 9.38 10.7 1.14 
; 0.01 we lll 8.68 4.24 0.49 
~ | 0.01 “ 0.0025 m CaCl 5.43 2.68 | 0.49 
ag 2 0.01 ascorbate None 10.6 12.5 1.18 
er- 0.01 a 20 y gramicidin 12.9 3.32 | 0.26 
the 0.01 “ 40 ‘ ” 13.1 1.23 | 0.09 
tio 0.01 glutamate None 8.72 20.0 2.30 
0.01 " 20 y gramicidin 9.48 14.7 1.55 
0.01 - 40 ‘ _ | 10.3 14.1 1.37 
veal 3 0.01 ascorbate None | 5.55 4.84 | 0.87 
ing 0.01 " 1 X 10-* m MB | 6.84 3.63 0.53 
yr- 0.01 i ‘xn = 8.22 0.13 0.02 
jin, 4 0.02 succinate None | 5.85 7.64 1.31 
da- 0.02 at 107A 0.45 —1.3 
0.05 ascorbate None 7.90 5.0 0.63 
hat 0.05 si 107A 7.52 4.25 0.57 
cer- | 0.05 = None 5.86 1.8 0.31 
ring 0.05 “ 1.07A 5.98 1.7 | 0.28t 
Y)). The antimycin A was generously made available by Professor Frank M. Strong, 
= Department of Biochemistry, University of Wisconsin. 
ked *DNP = 2,4-dinitrophenol, MB = methylene blue, A = antimycin A. 
t 0.004 wm ADP used as acceptor; hexokinase ‘‘trap’’ omitted. 
sub- 
OXy- tion. Dehydroascorbate was found to have no significant uncoupling ef- 
‘one fect at the concentrations which normally accumulate in the test system 
due- and this fact may account for the effectiveness of ascorbate as a non- 
ome enzymatic reductant in the phosphorylation tests described. 
and The data presented are consistent with the view that the phosphoryla- 
pate. tion observed coupled to ascorbate oxidation actually occurs during elec- 
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tron transport between ferrocytochrome c and oxygen via the cytochrome 
oxidase. It is conceivable that the ascorbate may reduce a member of the 
respiratory chain preceding cytochrome c, but this is unlikely in view of 
the fact that cytochrome c must be added to the medium to obtain signifi- 
cant rates of ascorbate oxidation. If the ascorbate reduced a carrier 
preceding cytochrome c, the “internal” cytochrome c alone should have 
sufficed for a reasonably high rate of electron transport. The most cogent 
evidence against such a picture is the fact that antimycin A does not inhibit 
the oxidation of ascorbate or the coupled phosphorylation at a concentra- 
tion which nearly completely inhibits the oxidation of succinate (Table 
IV, Experiment 4). Since recent work indicates that antimycin inhibits 
an electron carrier just preceding cytochrome c (12, 14-16), the phos- 
phorylation accompanying the oxidation of ascorbate cannot occur prior 
to the antimycin-sensitive step and therefore very likely occurs during 
passage of electrons from ferrocytochrome c to oxygen. 

The maximal free energy change on passage of a pair of electrons from 
cytochrome c to oxygen, calculated from the standard electrode potentials 
(E’o) at pH 7.0, is approximately —26,200 calories, or much more than suf- 
ficient to cause the formation of one terminal phosphate bond of ATP 
from ADP and orthophosphate in a coupled reaction. Slater concluded 
tentatively that no phosphorylation occurred between cytochrome c and 
oxygen, since the P:O ratio of a-ketoglutarate oxidation was found to be 
approximately the same when ferricytochrome c served as oxidant instead 
of oxygen in sarcosome preparations (7). However, the P:O ratios ob- 
served by Slater were much lower than those observed by several other 
groups of investigators (3, 10,17). It is quite possible that the phosphory- 
lation step between cytochrome c and oxygen in heart sarcosomes is selec- 
tively sensitive to loss by mechanical or autolytic damage during isolation 
and that the preparations studied by Slater were already deficient in this 
phosphorylation step, accounting for his findings. Maley and Plaut (10) 
have recently demonstrated P:O ratios during a-ketoglutarate oxidation 
in rat and guinea pig heart sarcosomes sufficiently above 3.0 to indicate 
a probable value of 4.0. However, more recently Slater has again reported 
failure to observe P:O ratios above 3.0 for this reaction (18). In any case 
the measurements with ascorbate as substrate represent a more direct and 
positive approach to the question of cytochrome-linked phosphorylation 
than the “‘difference’”’ method used by Slater. 

The experiments described in this paper permit the tentative localization 
of one of the three phosphorylations associated with passage of a pair of 
electron equivalents from DPNH to oxygen (1-3) as occurring between 
cytochrome c and oxygen. The two remaining phosphorylations pre- 


sumably occur between DPNH and cytochrome c; the experiments of 
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Slater (7), in which ferricytochrome c was employed as an electron acceptor 
for the oxidation of a-ketoglutarate, are entirely consonant with this sug- 
gestion. One of these two phosphorylations between DPNH and cyto- 
chrome ¢ appears to occur prior to the antimycin-sensitive step (3); pos- 
sibly the second is associated with the antimycin-sensitive step itself. 

For definite proof of the existence of a phosphorylation step between 
cytochrome ¢ and oxygen, it would be desirable to avoid the presence of 
ascorbate in the test medium in order to remove any question of some as 
yet unknown oxidative or phosphorylative event peculiarly associated with 
ascorbic acid, particularly in view of recent findings (for instance Nason 
et al. (19)) that ascorbate may play a rdle in plant respiration. To. this 
end, direct experiments in which purified ferrocytochrome c is employed 
as substrate in the absence of any added reductant of ferrocytochrome c 
are now being carried out in this laboratory. 


SUMMARY 


The one-step oxidation of ascorbate to dehydroascorbate occurring via 
cytochrome c at the expense of molecular oxygen in suspensions of rat liver 
mitochondria supplemented with Mg**, orthophosphate, Versene, ADP, 
yeast hexokinase, and glucose is accompanied by phosphorylation. The 
P:0 ratio for this oxidation approaches the value 1.0 under optimal con- 
ditions. The critical experimental conditions are (a) concentration of 
cytochrome c added to the medium (optimum = 1 X 10-* Mm), (b) hypo- 
tonic pretreatment of the mitochondria (10 to 15 minutes in 0.075 to 0.10 
m sucrose at 0°), and (c) use of cytochrome c and other components free of 
contaminating metal ions or other substances, such as “modified” cyto- 
chrome c, catalyzing non-enzymatic autoxidation of ascorbate. The phos- 
phorylation is uncoupled by 2,4-dinitrophenol, Ca++, gramicidin, and 
methylene blue. Neither the oxidation of ascorbate nor the coupled phos- 
phorylation is inhibited by antimycin A, excluding the participation of any 
carriers in the respiratory chain prior to the antimycin-sensitive site. The 
findings, therefore, provide strong evidence that during oxidative phos- 
phorylation, one of the phosphorylations is coupled to electron transport 
between ferrocytochrome c and oxygen via the cytochrome oxidase system. 


We wish to express our thanks to Dorothy Jacobs for technical assistance 
and to Sigurd Olaf Nielsen for carrying out the experiments with antimycin. 
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THE DETERMINATION OF 17,21-DIHYDROXY-20- 
KETOSTEROIDS IN URINE AND PLASMA 


By ROBERT H. SILBER anp CURT C. PORTER 
(From the Merck Institute for Therapeutic Research, Rahway, New Jersey) 


(Received for publication, March 8, 1954) 


In 1950 (1), the authors described a color reaction between 17 ,21-dihy- 
droxy-20-ketosteroids and phenylhydrazine and showed that, after addi- 
tion of 1 y or more of cortisone per ml. of urine or plasma, about 88 per cent 
could be detected in chloroform extracts. Nelson and Samuels (2) im- 
proved the procedure, primarily by employing chromatographic separation 
and micro cuvettes, so that they were able to measure the concentration 
of hydrocortisone in human plasma. For routine clinical use, however, 
it seemed desirable to develop a relatively simple procedure which could be 
completed within a working day. This communication is concerned with 
a description of such a procedure, which involves four steps: (1) a 15 second 
extraction with 5 volumes of chloroform, (2) a 10 second washing with 
dilute alkali, (3) a 15 second extraction of an aliquot of the chloroform 
extract with the alcoholic phenylhydrazine-sulfuric acid reagent, and (4) 
measurement of optical density in micro cuvettes in the Beckman spectro- 
photometer after heating the samples to 60° for 30 minutes. 


EXPERIMENTAL 

Reagents and Equipment— 

Chloroform (reagent, Merck). 

0.1 N sodium hydroxide. 

Phenylhydrazine hydrochloride, recrystallized from ethanol and dried 
over calcium chloride. 

Sulfuric acid, 190 ml. of water plus 310 ml. of concentrated acid (re- 
agent, Merck). 

Blank reagent, 100 ml. of dilute sulfuric acid mixed with 50 ml. of abso- 
lute ethanol. 

Phenylhydrazine-sulfuric acid reagent with ethanol, 65 mg. of phenyl- 
hydrazine hydrochloride dissolved in 150 ml. of blank reagent. 

8-Glucuronidase! solution, 250 Sigma units per ml. of m/15 phosphate 
buffer at pH 6.5 (incubation for 2 to 3 hours) or 25 Sigma units per ml. of 
buffer (incubation for 18 to 24 hours). 


Hydrocortisone standard, 20 y per ml. 20 mg. of powdered hydrocorti- 


1 Sigma Chemical Company, 4648 Easton Avenue, St. Louis 13, Missouri. 
923 
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sone (free alcohol, not the acetate) dissolved in 1 liter of distilled water or in 
5 ml. of ethanol and diluted to 1 liter with water. 

Centrifuge tubes,’ 45 to 50 ml. capacity, to which plastic caps can be 
fitted. 

Test-tubes,? heavy wall, 25 to 30 ml. capacity, about 6 inches by 11/16 
inch, to which plastic caps can be fitted. 

Plastic caps,? No. 590, Lumelite Corporation, Pawling, New York. 

Micro cuvettes’ for the Beckman model DU spectrophotometer, silica 
cells, 50 X 3 X 10 mm. light path, about 0.8 ml. capacity, with diaphragm 
attachment. 


Determination of Chloroform-Soluble 17-Hydroxycorticosteroids in Urine 


Extraction—5 ml. of filtered urine and 25 ml. of chloroform are placed in 
each of two centrifuge tubes, plastic caps are inserted, and the tubes are 
shaken vigorously for 15 seconds. The chloroform extracts are combined, 
before or after centrifugation, and the aqueous phase is discarded. 

Washing—2 ml. of 0.1 N sodium hydroxide are added, the caps are re- 
placed, and the tubes are shaken for about 10 seconds. After brief centrifu- 
gation, the alkali wash is discarded. 

Extraction by Reagent—20 ml. aliquots of the chloroform extract are 
placed in each of two test-tubes. To one tube is added 1 ml. of phenyl- 
hydrazine-sulfuric acid reagent with ethanol; to the other is added 1 ml. 
of blank reagent. After capping, the tubes are shaken vigorously for 15 
seconds and centrifuged. The chloroform layer is carefully removed by 
means of a 5 to 6 inch blunt tip needle connected to an aspirator and dis- 
carded (or the supernatant reagent layer is transferred to another tube). 

Color Development—After standing at room temperature overnight, or 
heating to 60° for 30 minutes, 0.5 to 0.8 ml. of the sample is placed in a 
micro cuvette, and optical density is compared at 410 my with that of 
an appropriate blank. After cleaning the cuvettes, the sample without 
phenylhydrazine is placed in the same cuvette in the same position and 
compared with a blank. 

Standards—From 0.1 to 1.5 ml. of the stock standard is diluted with 
water to a total of 10 ml. in two centrifuge tubes and carried through the 
same procedure as that for the urine sample. 

Data obtained from replicate determinations on pooled urine are pre- 
sented in Table I. 


? Washed with water, alcohol, and chloroform before use. 
3 Pyrocell Manufacturing Company, 207 East 84th Street, New York 28, New 
York. 
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Determination of Chloroform-Soluble Plus Glucuronide 
17-Hydroxycorticosteroids in Human Urine 


Hydrolysis of Glucuronides (see Kinsella, Doisy, and Glick (3))—0.5 or 
1.0 ml. of urine, adjusted to approximately pH 6.5, is mixed with 4 volumes 
of glucuronidase solution (250 Sigma units per ml.). The volume is ad- 
justed to 5 ml. with phosphate buffer, pH 6.5, and the mixture is placed in 
a water bath at 37° for at least 2 hours. An alternative procedure is to 
add an equal volume of more dilute glucuronidase solution (25 Sigma units 
per ml.) and to incubate at 37° for 18 hours or more. 


TABLE | 


Determination of Chloroform-Soluble Steroids in Pooled Normal Human Urine 


Steroid found 
as hydrocortisone 


Sample (5 replicates each) 


95 per cent 
Mean cuutiibane limits 
¥ per 10 ml. 7 per 10 al, 
10 ml. urine + 1 ml. H2O.. 2.01* +0.47 
10 “ ‘* + 5 -y hydrocortisone in 1 ml. H:O 7.02 +0.45 


Standards, 2, 5, and 10 y in 11 ml. of water. Average (y/—log 7) = 48.9, with a 
standard error (s.e.) of +1.02. The factor, y/—log 7’, is inversely proportional to 
the extinction coefficient. Its constancy indicates conformation to the Beer-Lam- 
bert law within the range of concentrations used. Since the standards are processed 
similarly to unknown samples, dilution and recovery corrections are automatically 
made when optical density is multiplied by the factor to yield micrograms of steroid 
in the aliquot of biological fluid taken for analysis. 

* Average optical density (—log 7’) for urine blanks, 0.042; for urine with phenyl- 
hydrazine-sulfuric acid reagent, 0.083. 


Determination of Steroid—The sample and aqueous standards, adjusted 
to 5 ml. with distilled water or buffer, are shaken for 15 seconds with 25 
ml. of chloroform. Thereafter, the procedure is identical with that de- 
scribed for the determination of free steroid, except that two 10 ml. aliquots 
of the chloroform extract are used instead of two 20 ml. aliquots. 

The average steroid content of twenty-one 24 hour urine samples from 
human subjects was 6.6 mg., with a standard deviation of +3.7 mg. 
About 6 per cent (0.37 mg., standard deviation +0.18 mg.) of the total was 
present in chloroform-soluble form. 

The reproducibility of the method and the effect of variation in the 
volume of the sample are illustrated in Table II, which gives the results 
obtained in multiple determinations on the same urine sample. 
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Determination of Chloroform-Soluble 17-Hydroxycorticosteroids in Plasma when 
To each 10 ml. sample of plasma are added 5 y of hydrocortisone in sa . 
aqueous solution. As standards, known quantities of hydrocortisone in ill 
1 ml. of water are added to 10 ml. portions of plasma which has been washed 7 
: ue to +4 
twice with 3 volumes of chloroform. The samples and standards are 
shaken with 25 or 50 ml. of chloroform for 15 seconds. After the extrac- 
tion, the procedure is the same as that described for the analysis of urine. Det 
The addition of hydrocortisone to the samples is not essential, particu- 10n 
larly if they contain more than 10 y per cent of hydrocortisone or if smaller — 
cuvettes are available. 
TABLE II 
Determination of Total Steroid in Pooled Normal Human Urine 
0.5 ml. of urine incubated for 18 hours at 37° after addition of 0.5 ml. of glucuron- = 
idase solution; no hydrocortisone added. 
——— —_____—_—_—— — _ Dog p 
Steroid found as hydrocortisone Plasm, 
{gucous volume | No.of replicates —__<5 4) ae 
Mean custidions tenite a 
ml, =" - ¥ per ml. shes * per mil. wie 7 
5 5 11.74* +0.98 
1 3 11.46* 1,34 Plasm 
2 3 11.76* +0.93 Water 
3 3 11.74* +0.48 wane 
Standards, 5, 10, 15, and 25 y in 5 ml. of H.O. Average (y/—log 7’) = 48.1, with Plasm 
a standard error of +0.33 (see legend to Table I). Water 
ks Optical density for urine blank, 0.024; for urine with phenylhydrazine-sulfuric 0 
acid reagent, 0.146. 
hydro 
' : : t 0 
Data from replicate analyses of human and dog plasma are reported in hydra: 
Table IIT. 2, 0.02 
The average steroid concentration in sixteen normal human plasma 
samples was 13.3 y per cent, expressed as hydrocortisone, with a range of Hig 
values between 6 and 25 y per cent. These figures agree well with the only 
values which have been reported by others (Table IV). eous| 
each | 
Accuracy and Precision of Procedure 
As indicated in Table I, it is possible, with 10 ml. of urine, to estimate a 
steroid concentration of 0.2 y per ml. with a precision represented by Th 
95 per cent confidence limits of +0.05 y per ml. In 0.5 ml. samples of tion | 
urine, concentrations of about 12 y per ml. of free plus glucuronide steroid droxi 
were determined, with a corresponding precision of +1.0 y per ml. (Table and « 
II). The estimation of steroid in plasma was less precise, particularly phen: 
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when low concentrations were encountered. The precision of the estima- 
tion of 6.7 y per cent in dog plasma is indicated by 95 per cent confidence 
limits of +3.0 y per cent (Table III). The confidence limits for human 
plasma which contained from 10 to 20 y per cent of steroid were from +1 
to +4 y per cent, whether or not hydrocortisone was added (Table ITI). 


Tasie IIT 
Determination of 17-Hydroxycorticosteroids in Pooled Human and Dog Plasma 
10 ml. samples used for each determination, except where noted. 





Hydrocortisone 
found 
\No. of| Hydro- 
repli-| cortisone | Standards 
| cates added } 95 per cent 
Mean | confidence 
| limits 
: | | y 7 * . | afullan Pt a0. 
Dog plasma | 5 | 5 5.67 | +0.30 
Plasma standards* 6 2, 5, 10 50.5 + 0.97 
Water standards. . | 6 2, 5, 10 47.8 + 0.68 
Human Plasma If. es i § 1s 1.01 | 40.071 
a sik) lee ae gre. 3.21 | +0.092 
”  <% 5 | 5 6.35 | +0.092 
“ =§6©1 (20 mi.) 5 0 2.28 | +0.037 | 
Plasma standards* 4 2, 5 52.1 + 1.2 
Water standards 4 2,5 | 48.8 + 0.5 
Human Plasma 27 4 0 1.97 | +0.37 
. Ye 4 5 7.23 | 40.38 
Plasma standards* 6 2, 5, 10 54.8 + 0.65 
Water standards 4 5, 10 52.6 + 2.09 
* Optical density of sample multiplied by factor = micrograms of steroid (as 


hydrocortisone) in 10 ml. of plasma (see legend to Table I). 

t Optical density for plasma blank of Plasma 1, 0.0056; for plasma with phenyl- 
hydrazine-sulfuric acid reagent, 0.025. Optical density for plasma blank of Plasma 
2, 0.028; for plasma with phenylhydrazine-sulfuric acid reagent, 0.064. 


High accuracy of the method for both urine and plasma can be expected 
only if recovery standards are carried through the procedure simultan- 
eously with the samples. This is essential because loss of steroid occurs in 
each extraction step. 


Specificity 
The specificity of the method depends partially upon the favorable parti- 
tion of the steroids between chloroform and water or 0.1 N sodium hy- 
droxide and between the alcoholic phenylhydrazine-sulfuric acid reagent 
and chloroform. It also depends upon the specificity of the reaction of 
phenylhydrazine with the 17 ,21-dihydroxy-20-keto configuration to pro- 
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duce compounds whose light absorption is maximal at a wave-length of 
410 mp. Steroids which bear the 21-hydroxy-20-keto function, but not the 
17-hydroxy] group‘ (e.g., corticosterone, 11-desoxycorticosterone, 11-dehy- 
drocorticosterone), reacted with the reagent, but the absorption peaks for 
these compounds centered at 340 to 360 my, and very little absorption was 
evident at 410 mu (Fig. 1). It appears that the peak at 340 to 360 mu 
is primarily due to the 3-phenylhydrazones of 3-keto-A*-steroids (see Curves 
7 and 8, for corticosterone and tetrahydrocorticosterone). Absorption at 
340 to 360 mu was increased by the 11-keto group (see Curves 7 and 3, for 
corticosterone and 11-dehydrocorticosterone). 

The intensity of absorption at 410 my was influenced by both the 3- 
and 11-keto groups, although the wave-length of maximal absorption was 


TaBLe IV 


Concentration of Hydrocortisone in Normal Human Plasma 





Average 
Source of data ¥ Range 
Standard 
Mean deviation 
. a 7 our eau Y per ont y per cent s 
This paper. . 13.3 +6.2 6 -25 
Bliss et al. (4)... 13 +6 3 -26* 
Sweat et al. (5)... 11 7.8-12.8 
Bondy and Altrock (6).. 7.3 +3.3 3 -13 
Weichselbaum et al. (7) 8 -16 


* 95 per cent limits. 


not appreciably affected. This is apparent from the fact that optical 
densities per millimole per liter at 410 my are in the order cortisone > hy- 
drocortisone > tetrahydrocortisone > tetrahydrohydrocortisone. How- 
ever, the possibility is not excluded that partial destruction of the com- 
pounds may account for these differences. 

Nitrogen analyses of purified products from the reaction of phenyl- 
hydrazine with cortisone and hydrocortisone suggest that the color is due 
to the formation of bisphenylhydrazones.® Solutions of the isolated prod- 


4 Mattox, Mason, and Albert (8) have stated that 3-a-21-diacetoxy-A!*-pregnene- 
11,20-dione produces color with phenylhydrazine-sulfuric acid. It appears that the 
16-17 double bond substitutes for the 17-hydroxy group in the reaction. 

51.6 gm. of phenylhydrazine hydrochloride in 32 ml. of sulfuric acid-water (31:19) 
were added to a solution of 400 mg. of hydrocortisone in 16 ml. of absolute ethanol. 
The solution was diluted with 60 ml. of water after standing at 25° overnight. The 
green-yellow precipitate was collected, washed with water, and dried. Yield, 385 
mg. Extraction of the dry material with benzene yielded a yellow solution and 4 
green residue. The addition of isooctane to the benzene solution caused the forma- 
tion of a yellow precipitate which was collected, washed with petroleum ether, and 
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ucts in aleohol were yellow. Addition of dilute sulfuric acid intensified 
the color, and the absorption spectra of the acid solutions were identical 
with those derived from cortisone and hydrocortisone in the analytical 
procedure. 

In view of the reactivity of the steroids with sulfuric acid, it is probable 
that changes other than phenylhydrazone formation occur. The nature 
of such changes is at present obscure. 

Hydrocortisone and chloroform-soluble substances from human plasma 
or urine yielded similar absorption spectra after treatment with phenyl- 
hydrazine-sulfuric acid reagent (Fig. 1, Curves 12 to 16). This indicates 
that the extracts contained compounds closely related to cortisone, bear- 
ing the 17 ,21-dihydroxy-20-keto side chain.‘ 


Experimental Conditions 


Color Reactton—Two alterations in the composition of the solvent me- 
dium used in the original procedure (1) for the color reaction have been 
made. First, ethanol has been substituted for methanol because of the 
tendency of the latter to yield pink color with the reagent. Second, the 
ratio of phenylhydrazine-sulfuric acid reagent to alcohol has been changed 
from 8:1 to 2:1 in order to minimize the instability of hydrocortisone and 
hence to obtain more nearly equivalent color intensities with cortisone and 
hydrocortisone. The reaction between the steroids and phenylhydrazine 
is somewhat slower under the modified conditions, 30 minutes rather than 
20 minutes being required for completion of the reaction at 60°. At 25° 
the reaction is complete in about 8 hours, and the color remains unchanged 
for at least another 12 hours. 

Further changes in the proportions of phenylhydrazine, water, alcohol, 
and sulfuric acid have not appreciably improved the sensitivity of the 
method and therefore are not recommended. 

Extractability of Steroids—Cortisone, hydrocortisone, their acetates, and 
tetrahydro derivatives are from 3 to 55 times as soluble in chloroform as 
in water. Hence, one extraction of aqueous solutions with 5 volumes of 
chloroform is sufficient to remove from 93.7 to 99.7 per cent of these steroids. 

The loss incurred during the alkali wash is also small, 7.e. 2 per cent or 
less. However, considerable steroid remains in the solvent layer when the 
chloroform solutions are extracted with the alcoholic phenylhydrazine- 
sulfuric acid reagent. The loss of cortisone, hydrocortisone, or tetrahydro- 
cortisone is about 20 to 25 per cent, whereas as much as 40 to 45 per cent 
of cortisone acetate, hydrocortisone acetate, or tetrahydrohydrocortisone 
is lost in the procedure. Recovery of the steroids from urine is equal to 





dried. For analysis, the product was again precipitated from benzene-isooctane. 
Calculated for C3;H.20;N,, N 10.3; found 9.9. A product from the reaction of corti- 
sone was similarly isolated. Calculated for Cs3sH4oO3N,, N 10.4; found 9.9. 
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that from water. From plasma it is about 95 per cent of that from water, 
even though most of the hydrocortisone added to plasma is loosely bound, 
i.e. not freely dialyzable. 
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Fig. 1. Absorption spectra of steroid-phenylhydrazine reaction solutions. Curve 
1, cortisone; Curve 2, tetrahydrocortisone; Curve 3, 11-dehydrocorticosterone; Curve 
4, 11-ketoprogesterone; Curve 5, hydrocortisone; Curve 6, tetrahydrohydrocortisone; 
Curve 7, corticosterone, 11-hydroxyprogesterone; Curve 8, tetrahydrocorticoster- 
one; Curve 9, 17-hydroxy-11-desoxycorticosterone ; Curve 10, 11-desoxycorticosterone, 
progesterone, A‘-androstene-3,17-dione; Curve 11, testosterone; Curve 12, steroids 
from 20 ml. of human plasma (Subject 1); Curve 13, steroids from 0.2 ml. of hu- 
man urine (treated with glucuronidase); Curve 14, 2 y of hydrocortisone; Curve 15, 
steroids from 4 ml. of human urine (not treated with glucuronidase); Curve 16, 
steroids from 4 ml. of human plasma (Subject 2). 


Recoveries can be improved by partially evaporating the washed chloro- 
form extracts before extracting with the alcoholic phenylhydrazine-sulfuric 
acid reagent. All extracts should of course be concentrated to the same 
volume. Complete evaporation of plasma extracts must be avoided. 
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For practical purposes, values are expressed in terms of hydrocortisone, 
which is employed as the standard. However, if a sample to be analyzed 
is known to contain a large proportion of a steroid such as tetrahydro- 
hydrocortisone, this steroid should be employed as the standard if the in- 
vestigator desires more nearly absolute values. 


DISCUSSION 

The procedure published in 1950 by the authors (1) was not sufficiently 
sensitive for the determination of corticosteroids in normal plasma. Tur- 
bidity in extracts from plasma interfered with colorimetric readings, and 
blanks from urinary extracts were at times excessively large. Occasion- 
ally, negative values were obtained. Destruction of hydrocortisone oc- 
curred, and hence use of cortisone standards yielded low results for samples 
containing hydrocortisone. These difficulties are not encountered in the 
new method. 

Several modifications of the original method have been proposed. Nel- 
son and Samuels (2) purified extracts by chromatography and increased 
the sensitivity of the method by use of smaller volumes of reagents. Bondy 
and Altrock (6) purified extracts by extensive partition between solvents. 
Coste and Delbarre (9) and Vestergaard (10) purified extracts by means 
of Girard’s Reagent T prior to application of the color reaction. Reddy, 
Jenkins, and Thorn (11) introduced a butanol extraction, and Gornall and 
Macdonald (12) substituted a 2,4-dinitrophenylhydrazine reagent for the 
phenylhydrazine reagent. Each of these methods may have advantages 
for certain purposes. However, the new procedure is simpler and more 
rapid than any of the above modifications. 

The new method, as well as the original procedure, is suitable for not 
only the biologically active compounds cortisone and hydrocortisone, but 
also substances of less or altered activity such as 17-hydroxy-11-desoxy- 
corticosterone and the di- and tetrahydro derivatives of cortisone, hydro- 
cortisone, and 17-hydroxy-11-desoxycorticosterone. It has been shown 
(2,9, 13, 14) that the principal corticosteroid in human plasma is hydro- 
cortisone, and in urine (15-18) tetrahydrocortisone. Both of these steroids 
behave favorably under the conditions of the method, and, if either of 
them is used as a standard, accurate assays are possible. At present, there 
is no certainty ‘that increased blood levels or excretion of steroids will, 
under all conditions, be due to these compounds. It is desirable, when in- 
creases are observed, to! apply other methods (e.g., chromatography) in 
order to establish the exact nature of the compounds present. 


SUMMARY 


A procedure for the determination of 17 ,21-dihydroxy-20-ketosteroids 
inhuman urine and plasma has been described. Except for micro cuvettes 
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for the Beckman spectrophotometer, no special equipment is required, and 
analyses can be completed within a working day. Samples of 10 ml. or 
less are used. By means of this method, concentrations of hydrocortisone 
as low as 6 y per cent can be determined with 95 per cent confidence limits 
of +3.0 y per cent. Larger quantities of the steroid can be determined 
with greater precision. 

The average concentration of 17 ,21-dihydroxy-20-ketosteroids, caleu- 
lated as hydrocortisone, in sixteen human plasma samples was 13.3 y per 
cent, with a standard deviation of +6.2 y per cent. The average daily 
excretion of these compounds by twenty-one human subjects was 6.6 
mg. (standard deviation +3.7 mg.) with 0.37 mg. (standard deviation 
+0.18 mg.) in non-glucuronide, chloroform-soluble forms. 


The authors are indebted to R. D. Busch, J. P. Lynch, and E. R. Mor- 
gan for valuable technical assistance. 
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METABOLISM OF At-ANDROSTENE-3 ,17-DIONE BY 
TISSUE HOMOGENATES* 


By CHARLES D. KOCHAKIAN anp GEORGE STIDWORTHY 


(From the Oklahoma Medical Research Foundation, Oklahoma City, Oklahoma) 
(Received for publication, March 22, 1954) 


Androstenedione has been shown to be metabolized by rabbit liver slices 
to testosterone and to a smaller degree epitestosterone and several un- 
characterized metabolites (1). In this study, androstenedione has been 
incubated with homogenates of rabbit and guinea pig tissues under vari- 
ous conditions, with the production of several metabolites. 


EXPERIMENTAL 


Purification of A*-Androstene-3 ,17-dione'—The material was submitted 
to adsorption chromatography on alumina. Those fractions which showed 
only A‘-androstene-3 , 17-dione on paper chromatography (0.5 mg. per spot) 
were pooled and the above repeated. The pooled androstenedione was 
then treated with Darco charcoal and recrystallized from acetone and 
water, m.p. 172—174°. 

Procedure—The tissues were obtained under sterile conditions from adult 
male animals which were killed by a blow at the base of the skull and bled. 
The tissue homogenates were prepared either in a Waring blendor or a 
Potter-Elvehjem type homogenizer. The hormone and additions, when 
used, were added to the tissue prior to homogenization. The incubation 
procedure and subsequent extraction and fractionation were as previously 
described (2). 

Isolation and Identification of Metabolites—The ketonic and non-ketonic 
fractions were submitted to chromatography on alumina (washed Harshaw). 
The fractions were pooled in accordance with their elution properties, and 
40.5 mg. aliquot of the pooled fractions was submitted to qualitative analy- 
sis by spot paper chromatography (3). Those fractions indicating one sub- 
stance were recrystallized for final identification. Fractions consisting of 
mixtures or containing non-steroidal impurities were submitted to paper 
chromatography for separation and purification. The material was ap- 
plied on the paper as a line at 2 mg. of steroid per cm. The line was 

*This investigation was supported by an institutional grant from the American 
Cancer Society and under contract No. AT-(40-1)-1433, Atomic Energy Commission. 


Parts of these data were presented before the American Society of Biological Chem 
ists on April 8, 1953 (1) 


‘Generously provided by the Ciba Pharmaceutical Products, Inc., and Syntex, 
8. A 
S.A. 
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started at 1 cm. from the edge of the paper. After the paper was de- 
veloped, a 0.5 cm. strip from each edge of the line was cut the length of the 
paper and sprayed with the alkaline m-dinitrobenzene reagent. The colors 
developed on these strips were used as guides to delineate the areas con- 
taining the specific hormones. The separate areas were cut into approxi- 
mately 1 cm. squares and leached three times with hot 95 per cent ethyl 
alcohol, the alcohol extract evaporated to dryness, and the residue sub- 
mitted to adsorption chromatography on 2 gm. of alumina in a column 10 
mm. in diameter to yield clean crystalline material. The fractions were 
assayed by a modified Zimmermann reaction (4) or ultraviolet absorption 
at 241 my with a Beckman DU spectrophotometer. 

Characterization of Metabolites—The conversion products obtained in the 
different experiments were combined according to steroid, further purified, 
if necessary, by paper chromatography and alumina chromatography as 
indicated above, and the following properties determined. 

Testosterone—M.p.? 154-156°; no depression on admixture with known 
testosterone. Acetate, m.p. 141-144°. 2,4-Dinitrophenylhydrazone, 242- 
250°. 

Androstane-3 ,37-dione—M.p. 130—-134°; no depression on admixture with 
known androstanedione. 

Androsterone—M.p. 178-183°; no depression on admixture with known 
androsterone. Acetate, m.p. 162—166°. 2,4-Dinitrophenylhydrazone, 
m.p. 243-245°. 

Epiandrosterone—M.p. 173-176°; no depression on admixture with known 
epiandrosterone. Acetate, m.p. 90-94°; no depression on admixture with 
known acetate. Oxime, m.p. 181—185°. 

Infra-red* analyses of the metabolites gave the expected spectra. 


Results 


Control Experiments—In each series of experiments (Tables I to III) 
boiled tissue was homogenized with androstenedione, incubated, and car- 
ried through the complete extraction and isolation procedure simultane- 
ously with the other experiments. In five such control experiments only 
the original material could be recovered, with roughly a 10 per cent loss. 
The amounts recovered ranged from 86.5 to 91.0 per cent. 

In order to determine the amount of metabolites that could be detected 
by the isolation procedures, 100 mg. of androstenedione were added to 0.5 
mg. of androsterone, epiandrosterone, and androstanedione; in another ex- 
periment, only 0.2 mg. of each of these steroids was used. Chromatography 


2 All melting points are uncorrected and were obtained with a Fisher-Johns apps 
ratus adapted for use with a microscope. 

3 Infra-red analyses were performed by the Sloan-Kettering Institute for Cancer 
Research through the courtesy of Dr. T. F. Gallagher. 
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TaBLeE I 
Effect of Buffer and Additions on Metabolism of At-Androstene-3,17-dione (100 Mg.) 
by Guinea Pig Tissue Enzymes in Vitro* 
Metabolites isolated 
. Experi- a Ante 
| Not stad — Testos- | Andros-| Andro- Epi- ome 
P | terone terone stane- andros- | Total | recovered 
2 dione terone 
Liver 
p P 
n per cent | per cent per cent | percent | percent | per cent 
1 | Krebs- Boiled 90.5 
Ringer | 
. bicarbon- | 
, ate | 
s 5s |“ « “ | | | 86.5 
] Saline-PO, 1.4 1.4 85.0 
" 3t ™ 0.5 1.0 | 0.27 1.8 83.4 
1 | Krebs- 5.1 | 1.4 6.5 | 80.2 
¥ Ringer | 
bicarbon- 
th ; ate | 
2 ” e 2.2 1.0 | Trace§| 0.7 3.8 88.6 
0 | alii 16 | 1.5 | 0.2 | 0.3 | 4.4 | 87.0 
‘ 1 ” - NA 666mg. | 3.2 ca 4.3 84.0 
’ 2 “ - “ 800 “ +] 1.8 2.1 | Trace 0.7 4.6 84.2 
DPN 100 
vn mg. 
th si * “ | NA 100 mg. 3.8 | 2.2 | 0.6 | Trace| 6.6 | 82.0 
Kidney 
1 | Krebs- 6.0 1.7 | Trace | Ta 79.0 
Ringer | | 
II) bicarbon- 
‘ar: ate | 
- fi* « 5.8 | 1.1 0.7 | 6.9 | 88.2 
nly 1 a ” Na 666 mg. 3.2 a.m 4.3 84.0 
. 2 ” _ “<< £0 “* +/ 80 | Trace | | 9.4 86.0 
- DPN 100 
ted ae. hc eoied Saar es nisin 
05 NA = nicotinamide; DPN = diphosphopyridine nucleotide (Pabst). 
~ *15 gm. of tissue in Experiments 1 and 2 except for kidney plus NA of Experiment 
F l,in which only 7.5 gm. were used; in other experiments, 12 gm. 100 ml. of buffer 
phy at pH 7.4 were used in each experiment. Incubation at 37.5° for 3 hours with shak- 
” ing. 
{The experiments of each series were run simultaneously with tissues from the 
oni same animal. 
{Nine separate experiments were pooled. 
§ As indicated by paper chromatography. 
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on alumina followed by paper chromatography permitted the detection and 
separation of these materials. 

Guinea Pig Metabolites—Liver and also kidney homogenate (Table 1) 
of male guinea pigs metabolized A‘-androstene-3 ,17-dione to at least four 
other steroids through a process of reduction. The over-all recovery was 


TaBLe II 
Effect of pH on Metabolism of A*-Androstene-3 ,17-dione (100 Mg.) by Homogenates of 
Guinea Pig Liver (12 gm.) 


pH Metabolites isolated 
Androstene- 
dione 
Beginning End Testos- Andros- Androstane- Epiandros- Total recovered 
terone terone dione terone 
Krebs-Ringer bicarbonate buffer 
per cent per cent per cent per cent per cent per cent 
7.4 7.4 0.0 86.5 
(Control) 
6.4 6.6 4.5 0.9 0.4 0.4 6.2 | 82.0 
6.9 6.9 2.8 1.2 0.4 0.3 4.7 81.0 
7.4 7.3 1.6 1.5 0.2 0.3 3.6 87.0 
ry 8.1 1.3 2.2 0.5 0.2 1.2 81.0 
8.0 8.2 1.5 0.5 0.4 0.2 2.6 79.0 
Barbital buffer* 
7.4 6.9 1.5 0.8 2.3 82.0 
7.0 6.5 2.0 0.5 2.5 80.0 
6.4 6.4 2.6 0.4 3.0 78.0 
6.0 6.1 1.9 0.2 2.1 84.0 
5.5 5.8 1.6 0.2 1.8 79.0 
5.0 5.5 1.2 0.2 1.4 82.0 
4.5 2.2 1.0 0.1 Bs 75.0 
4.5 5.3 0 0 0.0 87.0 
(Control) 


* See Michaelis (5). 


comparable to that in the control experiments. The total amount of 
metabolism, however, was never great. Testosterone was, in every il- 
stance, the chief metabolite, and androsterone was formed to a lesser de- 
gree. The kidney seemed to form more testosterone than did the liver, 
but the same amount of androsterone. The smaller amount of testosterone 
in Experiment 1 probably was due to the use of only one-half the amount 
of kidney tissue. The other two metabolites, androstanedione and epi- 
androsterone, were formed only in trace amounts. Indeed, they were not 
detected in Experiment 1. 
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Effect of Buffer—The amount of testosterone and the other metabolites 
formed in a saline-phosphate buffer medium was less than that formed in 
the Krebs-Ringer bicarbonate buffer medium (Table I). The initial pH 
in both instances was 7.4, but at the end of the incubation the pH of the 
saline-phosphate medium had dropped to 7.1, while that of the Krebs- 
Ringer bicarbonate had been maintained or was slightly increased to pH 
7.5. 

Effect of NA and DPN—The addition of nicotinamide alone or with di 
phosphopyridine nucleotide did not detectably change the number or quan- 
tity of the metabolites (Table I). 


TaBLe III 
Comparison of Ability of Various Tissues of Rabbit to Metabolize 
A‘-Androstene-3 ,17-dione (100 Mg.) in Vitro 








Metabolites isolated 











r i , ———_—— ——————-— Anteater 
issue | Weight : ione 
sn Testos- Andros- —_ t = Total recovered 
terone | terone | dake jmaiae | 
a eee — — ores See) ee — a wee 
gm. | per cent per cent | per cent per cent | per cent per cent 
Boiled liver 12 91 
Skeletal muscle 12 | Trace | 0 | 0.1 | 0 | 0.1 90 
Heart (ventricle) 6 ies Trace 0.1 | 0 | 0.1 88 
Liver 12 | 82 | 1.3 | 0.5 | 0.5 | 5.0 | 87 
Kidney 12 3.2 se | GA 0.6 5.9 | 88 
Liver + 4.5) | | 
Kidney + 3.0 a2 1 342 0.6 | 0.9 | 8.4 80 
Skeletal muscle 4.5) | 








Effect of pH—Alteration of the pH of the buffer over a wide range, 5.2 
to 8.2, did not affect the number of metabolites formed (Table II). Nor 
were the quantities of the various metabolites greatly changed, but certain 
suggestive differences were indicated. The greatest formation of testos- 
terone occurred at about pH 6.6 and of androsterone at about pH 7.7. 
The absolute amounts of the metabolites, however, were not adequate to 
permit us to attribute much significance to these quantitative differences 
at this time. 


When barbital was used as the buffer (5), no androstanedione or epian- 
drosterone was detected. 

Rabbit Metabolites —The liver and kidney of the rabbit converted andros- 
tenedione to testosterone, androsterone, and androstanedione, but were 
unable to produce epiandrosterone (Table IIT). On the other hand, these 
tissues of the rabbit produced epitestosterone, which the guinea pig tissues 
were unable todo. Skeletal muscle and the ventricle of the heart produced 
trae amounts (as indicated by paper chromatography) of some of these 
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metabolites (Table IIT). A mixture of liver, kidney, and skeletal musele 
did not result in any synergistic effect. 

Non-Ketonic Fractions—No indications of the formation of non-ketonic 
steroids were detected in any of the above experiments, even though these 
fractions were first treated by adsorption chromatography on alumina and 
the eluates then submitted to paper chromatography. Endogenous choles- 
terol was always readily isolated. 


DISCUSSION 


The liver and kidney apparently contain a number of reductases which 
can act on the groups on the steroid molecule. These enzymes apparently 
are not only position-specific but also stereoisomerically specific. Thus 
while the liver and kidney of both rabbit and guinea pig can reduce the 17- 
keto group to the 178-hydroxyl group, these tissues of only the rabbit can 
reduce the 17-keto to both the 178- and 17a-hydroxyl groups. On the 
other hand, these tissues of the rabbit can reduce the 3-keto position to 
only the 3e-hydroxyl groups, while those of the guinea pig can reduce it to 
both the 3a- and 38-hydroxyl groups. Even though these tissues contain 
enzymes which can reduce both the 3- and 17-keto groups, no metabolite 
was found in which both of these groups were reduced. 

It is noteworthy that the reduction of the 4,5 double bond results in the 
production of only androstane derivatives; no etiocholane compounds were 
detected. 

Three of the metabolites (androstane-3 , 17-dione, androsterone, and epi- 
androsterone) formed from androstene-3 , 17-dione have also been produced 
from androstane-3a,178-diol in small yield (6). Furthermore, andros- 
terone has been converted by liver slices (7) to androstane-3a, 178-diol, 
androstanedione, and epiandrosterone, and androstane-3 , 17-dione, in turn, 
to androsterone and epiandrosterone (unpublished). 

The failure of the alteration in pH markedly to affect the type or quan- 
tity of metabolites suggests that the active enzymes are working below 
potential capacity. This is further substantiated by the low yields of 
metabolites. 


SUMMARY 


Androstene-3 ,17-dione is converted by guinea pig liver and kidney ho- 
mogenates to testosterone, androsterone, androstane-3 ,17-dione, and epi- 
androsterone. These tissues of the rabbit produced the same conversion 
products except epiandrosterone and produced another metabolite, epi- 
testosterone. 

Skeletal muscle and heart produced only trace amounts of metabolites. 
Alteration of the pH of the incubation medium from 5.2 to 8.2 did not 
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greatly alter the activity of the liver. No non-ketonic or etiocholane 
metabolites were detected. 
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FAT METABOLISM IN HIGHER PLANTS 


II. OXIDATION OF PALMITATE BY A PEANUT 
PARTICULATE SYSTEM 


By T. E. HUMPHREYS, ELDON H. NEWCOMB,* ANN H. 
BOKMAN,t ano P. K. STUMPFY 


(From the Department of Plant Biochemistry, University of California, 
Berkeley, California) 


(Received for publication, April 28, 1954) 


In animal cells the site of fatty acid oxidation is the mitochondrion. 
Soluble enzymes, isolated from acetone powders of liver mitochondria, oxi- 
dize acyl CoA! derivatives to acetyl CoA, which in turn enters the tricar- 
boxylic acid cycle to yield CO, (1, 2). Studies with extracts of germinated 
peanut cotyledons indicate, in part, that oxidation of palmitic acid is cata- 
lyzed by two systems localized in (a) the microsomal particles and (b) the 
soluble cytoplasmic proteins (3). To date, no evidence has been presented 
to indicate extensive participation of plant mitochondrial particles in the 
oxidation of long chain fatty acids. 

This communication will report the results of an investigation concern- 
ing the catalytic activity of the microsomal particles in the oxidation of 
palmitic acid-1-C™, -2-C™, -3-C'™, and -11-C™ to C“O.. The réle of the 
soluble cytoplasmic proteins will be the subject of another communication. 


EXPERIMENTAL 


Preparation of Enzyme Systems—Peanuts were selected as the source of 
the enzymes because of their availability, large size, the relative ease with 
which they are grown, and their high lipide metabolism. 

Raw peanuts (Arachis hypogea 1.., var. Virginia Jumbo) were purchased 
from Manning’s, Inc., San Francisco, California. Shelled peanuts were 
germinated under greenhouse conditions in flats filled with moist sterilized 
peat-moss. Excessive watering was avoided in order to reduce the growth 
of fungi. After 5 to 8 days of germination, the peanuts were harvested, 
the seed coat removed, and the cotyledons separated from the rest of the 


* Fellow of the John Simon Guggenheim Memorial Foundation, 1951-52. 

t Research Fellow of the United States Publie Health Service, 1952-53. 

t Aided in part by a grant-in-aid from the American Cancer Society upon recom- 
mendation of the Committee on Grants of the National Research Council. 

'The following contractions are employed: CoA, coenzyme A; Tris, tris(hydroxy- 
methyl )aminomethane; DPN, diphosphopyridine nucleotide; DPN+, oxidized DPN; 
PNA, pentose nucleic acid; DNA, desoxyribonucleic acid; TCA, trichloroacetic acid; 
ATP, adenosinetriphosphate; FAD, flavin adenine dinucleotide. 
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embryo. Cotyledons, washed several times with distilled water, were ho- 
mogenized at maximal speed in a chilled Waring blendor for 15 seconds with 
2 volumes of cold 0.4 M sucrose-0.2 m Tris buffer at pH 7.3. The homog- 
enate was filtered through cheese-cloth to remove débris, and the filtrate 
was centrifuged for 30 minutes at 13,000 * g at 4° (high speed attachment, 
refrigerated International centrifuge). The resulting supernatant fluid was 
then centrifuged for 1 hour at 100,000 X g at 4° (No. 40 head in a Spinco 
preparative ultracentrifuge). The translucent yellow pellet was _resus- 
pended in 20 ml. of cold 0.2 m KCl and recentrifuged for 30 minutes at 
100,000 X g at 4°. This material (Preparation A) was dispersed in a small 
volume of 0.2 m KCl and stored at —5° in small Lustroid tubes. After 2 
weeks no appreciable loss in activity was observed. 


Methods 


Rat liver mitochondria were isolated by the method of Barkulis and 
Lehninger (4). Radioactive palmityl CoA was prepared by the procedure 
of Kornberg and Pricer (5). We are indebted to Dr. Lester Reed of The 
University of Texas for a generous supply of lipothiamide and lipothiamide 
pyrophosphate. 

Reagents—We are deeply indebted to Professor I. Chaikoff, Department 
of Physiology, University of California, for generous samples of palmitic 
acid-1-C™, -2-C™, -3-C™, and -11-C™. 

0.001 m palmitic acid. Sufficient radioactive palmitic acid (approxi- 
mately 10° c.p.m.) was added to carrier palmitic acid to make a total of 
2.56 mg. of substrate which was suspended in 5 ml. of distilled water. The 
suspension -was heated to boiling, and 1 m NH,OH was added dropwise 
until the fatty acid was dissolved. The solution was diluted to a final 
volume of 10 ml. and stored at —5°. The palmitate solution was always 
heated to 100° to bring the substrate into complete solution and then added 
to the Warburg flasks in required amounts. 

0.1 per cent DPN “90”, Sigma. 

0.2 m Tris buffer adjusted to pH 7.5 with 6 n HCl. 

0.06 m acetate-Veronal buffer, pH 5.5. 

0.05 m phosphate buffer, pH 7.5. 

20 per cent KOH. KOH is dissolved in boiled distilled water. 

20 per cent barium acetate. The salt is dissolved in boiled distilled 
water. 

5 N sulfuric acid. 

Reaction Mixtures—Oxidation by microsomal particles 


(1) Palmitic acid-1-C'4* > X + CO: 


Each Warburg flask contained 0.1 ml. of Preparation A, 0.1 um of pal 
mitic acid-1-C™, 0.5 ml. of 0.06 acetate-Veronal buffer at pH 5.5, 0.2 ml. d 
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20 per cent KOH in the center well, 0.3 ml. of 5 n sulfuric acid in the side 
arm, and water to a final volume of 2.0 ml. Incubation was for 1 hour at 
30°. At the end of incubation, acid was tipped from the side arm into the 
main compartment to stop the reaction and release bound CO,. Shaking 
was continued for 10 minutes, after which the contents of the center well 
were removed with washing, and the respiratory CO, was precipitated at 
BaCO; with 20 per cent barium acetate. The precipitate was washed 
three times with 15 ml. of 50 per cent ethanol, then plated on aluminum 
disks, and counted with a thin window Geiger-Miiller tube. 


(2) Palmitie acid-2-C'4 — Y + CO, 


The reaction mixture and procedure are essentially the same as for Equa- 
tion 1 except for the following two replacements and one addition: 0.1 um 
of palmitate-2-C™, 0.5 ml. of 0.05 m phosphate buffer at pH 6.5, and 0.1 
ml. of 0.1 per cent DPN. 


RESULTS AND DISCUSSION 


Palmitic acid oxidation has been studied in a microsomal fraction isolated 
centrifugally from homogenates of germinating peanut cotyledons. This 
fraction has the capability of catalyzing the release of C“O, from palmitic 
acid-1-C™, -2-C4", -3-C™, and -11-C". 

Properties of System—Suspensions of these microsomal particles are stable 
for several months at —10°. Repeated freezing and thawing do not dimin- 
ish activity to any significant extent. Exposure of the suspension to 55° 
for 5 minutes at neutral pH inactivates the enzyme system completely. 

Preparation A is assumed to be associated with the microsomal fraction 
of cellular components for the following reasons: (a) the centrifugation pro- 
eedure which sediments these particles, 100,000 x g for 60 minutes, is 
typical for the isolation of microsomes (6), (b) these particles on electron 
microscopic examination exhibit a uniform spherical structure with a di- 
ameter of approximately 20 my, (c) analysis for nucleic acids indicates that 
PNA constitutes approximately 5 per cent of the total weight, whereas 
DNA is completely absent, and (d) no complete TCA cycle activity is ob- 
served in the particles. Thus, the preparative procedure, the size of the 
particle, the occurrence of PNA, and the lack of TCA cycle activity all 
suggest that this particle has properties similar to those associated with 
animal microsomes. 

The yellow pigment consistently observed with these particles is related 
to a carotenoid, since the petroleum ether extract has an absorption spec- 
trum typical of 6-carotenoids. 

Effect of pH on Activity—aAs illustrated in Fig. 1, the pH optima for the 
production of C“O, from palmitate-1-C™ and palmitate-2-C™ are 5.5 and 
6.5, respectively. The rate of C“O, production decreases sharply in both 
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eases at higher and lower hydrogen ion concentrations. Both Veronal- 
acetate (0.06 m) and phosphate (0.05 m) buffers were used in studying the 
pH optima and yielded similar results. 

Cofactor Requirements—In differentiating the plant system from that of 
the animal, a study was made of the cofactors required for maximal activity 
of the microsomal system. As summarized by the results of Table I, the 
release of C“O, from palmitate-1-C™ is independent of added cofactors, 
However, it is consistently noted that DPN* is essential for C™O» pro- 
duction from palmitic acid-2-C, -3-C™, and -11-C". TPN cannot replace 
DPN. Additions of ATP, Mg**, CoA, cocarboxylase, FAD, cytochrome 
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PH 
Fig. 1. Effect of pH on C'O2 production from palmitate-1-C' and from palmitate. 
2-C' catalyzed by the microsomal fraction from peanut cotyledons. 0.06 m Veronal- 
acetate buffer was used over the entire pH range investigated. The reaction was 
run for 1 hour at 30°. Per cent activity was calculated by assigning the activities 
at pH 5.5 and at pH 6.5 as 100 for palmitate-1-C'* and palmitate-2-C" respectively 
Palmitate-1-C'* used as substrate (O); palmitate-2-C' used as substrate (@). 


c, lipothiamide, lipothiamide pyrophosphate, TPN, or boiled enzyme have 

no effect. Phosphate is not required, since the incubation carried out in 

' Tris buffer or in Veronal-acetate buffer, with enzyme prepared in the ab- 
sence of phosphate, yielded as much CO, as that resulting from incubations 

in the presence of phosphate. CoA, GSH (glutathione), and BAL (British 
anti-lewisite) occasionally stimulated the production of C“O. from both 
palmitate-1-C™ and palmitate-2-C"“. The stimulation from CoA and GSH 

was slight when it occurred. BAI. sometimes increased the C™Qs yield 

- to 3-fold, but with some microsomal preparations these results were not 

observed. These variable results can be explained by assuming the pres- 

ence of metal inhibitors in some enzyme preparations which form complexes 

with these sulfhydryl compounds. Thus Cot++, Mn*, Zn++, Cut*, and Al** 

(at a final concentration of 2.5 X 10- m) are highly inhibitory, while 
Mgt, Fe**, and Ca* are inert. 



































Spec 
produc 
As ind: 
acid-1- 
attack 
somal 
3-C™, 


on Occ 


Palmiti 


See 


Stearic 
Palmiti 
Myrist: 
Lauric 
Capric 


emplo 
acids | 

Mec 
partic 
ferent 
suppo 
quiren 
anima 
are th 
only J 
plant 


the 
| of 


the 
ors, 
TO- 
ace 
yme 


ate- 
mal- 
was 
ities 
vely 


lave 
t in 

ab- 
ions 
tish 
oth 
SH 
‘ield 
not 
yres- 
exes 
|++ 


hile 





HUMPHREYS, NEWCOMB, BOKMAN, AND STUMPF 945 


Specificity of Enzyme System—The microsomal fraction catalyzed the 
production of radioactive CO, from a number of long chain fatty acids. 
As indicated in Table II, stearic acid-1-C'*, palmitic acid-1-C™, and myristic 
acid-1-C™ are readily attacked, whereas lauric acid-1-C™ was only slightly 
attacked and capric acid-1-C™ was inert. Table III shows that the micro- 
somal system catalyzes the release of CO, from palmitic acid-1-C™, -2-C™, 
3-C, and -11-C™ in a decreasing order. Palmitic acid-15-C"™ is inert or 
on occasion only slightly active. In all cases only 0.1 um of substrate is 


TaBLeE | 
Cofactor Requirements for Microsomal System 


See ‘“Methods”’ for reaction mixture. 


Per cent total C“ as C“O, 


Substrate - ‘ Lh 
No DPN DPN 
Palmitic acid-1-C' 38 40 
“ acid-2-C!4 0 17 
«  acid-3-C™ 0 3 


TaB_e II 
Substrate Specificity of Microsomal System 
See ‘‘Methods’’ for details of reaction mixture. 


Substrate C atom No. Per cent total C™ 








as BaCOs 
Stearic acid-1-C'*. : 18 42 
Palmitic acid-1-C'™ 16 42 
Myristic acid-1-C** ; : 14 38 
Laurie acid-1-C" . 12 6 
Caprice acid-1-C'4 ca 10 0 


employed, since higher concentrations are inhibitory. Short chain fatty 
acids have consistently proved to be inactive. 

Mechanism of Reaction—The oxidation of palmitic acid by microsomal 
particles from germinating peanut cotyledons appears to be of a type dif- 
ferent from that found in animal and microbial systems. The evidence to 
support this conclusion may be outlined as follows: (1) The cofactor re- 
quirements of the plant system differ radically from those observed for 
animal and microbial systems. Thus, while ATP, CoA, Mgt*, and DPN 
are the essential cofactors for the animal fatty acid oxidase system (1, 2), 
only DPN is required for the internal oxidation of palmitic acid by the 
plant system. (2) When palmitic acid, labeled in different positions by 
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C4, is oxidized by either the plant system or the rat liver mitochondria] 
system, the patterns of C“O, production differ markedly. In the anima] 
system palmitic acid is broken down by a 2-carbon cleavage (acetyl CoA), 
Thus palmitic acid labeled in position 1, 3, or 15 (the odd carbon atoms) 
will release acetyl CoA labeled in the carboxyl group which is readily con- 
verted to C“O2 by the TCA cycle. Palmitic acid labeled in the even carbon 
atoms will in turn release acetyl CoA labeled in the methyl position. C0, 


TaB_e III 
Extent of Oxidation of Palmitic Acid by Microsomal System 


Substrate Per cent total C™ as BaCO; 
Palasitate-1-O™ . ... .. 6.00.55 45 
Palmitate-2-C' 14 
Palmitate-3-C'* 5 
Palmitate-11-C" 9 
Palmitate-15-C! 0 
TaBLe IV 


Comparison of Fatty Acid Oxidase Enzymes from Plants and Animals 
Per cent C™ appearing as C“O, 


Peanut : : . 
Substrate microsomal system Rat liver mitochondria 


Experi- Experi- Experi- Experi- Experi- 


ment I ment II | ment I | ment II | ment II 
Palmitate-1-C™.......... a 45 42 49 17 10 
Palmitate-2-C" / 15 40 4.5 2.7 1.3 
Palmitate-3-C' 6 12 30 11 14 
Palmitate-15-C' 3 0 29 10 4 


derived from methyl groups is released more slowly when it enters the TCA 
cycle. As is clear from the data in Table IV, with rat liver mitochondria 
a high recovery of C“QO. is observed for palmitic acid labeled in the odd 
positions and a low recovery for palmitic labeled in the even position. In 
sharp contrast, however, the peanut microsomal particles do not follow 
this pattern, since the yield of C“O, progressively decreases as the position 
of the labeled carbon is shifted farther from the carboxy] group, being high 
at the carboxyl position, lower in the second and third positions, small in 
the C-11 position, and negligible in the C-15 position. (3) According to 
the recent reports of Mahler (1) and Lynen (2), palmityl CoA rather than 
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free palmitic acid is considered to be the activated form necessary for fatty 
acid oxidation. If such is the case, palmityl CoA should be as reactive in 
the microsomal system as free palmitic acid, if not more so. Palmity] 
CoA was tested as substrate with both the rat liver mitochondrial system 
and the microsomal system. As indicated in Table V, a comparison of the 
C4O, production from this substrate, from alkaline hydrolyzed palmity] 
CoA, and from palmitic acid-1-C™ clearly demonstrates that the plant sys- 
tem preferentially oxidizes the free acid rather than the CoA derivative. (4) 
No evidence could be found to suggest that a complete TCA cycle is opera- 
tive in the microsomal particles. Both the lack of inhibition of C“O, for- 
mation by malonate at 10-* m concentration and the failure of TCA cycle 
intermediates to stimulate C“O, production from the oxidation of radio- 


TABLE V 


Comparison of Oxidation of Palmityl CoA, Alkaline Hydrolyzed Palmityl CoA, and 
Palmitic Acid 


Each flask contains 0.35 um of substrate, 0.1 um of glutathione, 0.1 ml. of enzyme, 
and buffer to a total volume of 1 ml. Incubation time 2 hours. 





Per cent total C™ appearing as_C“O2 


Experiment No. — es 





Palmityl-1-C™ CoA oan iet ie CoA Palmitic acid-1-C¥Os 
I 3 | 19 22 
Il 13 40 35 





active palmitic acid support the conclusion that in the case of the plant 
system the TCA cycle is inoperative in the formation of CO, from higher 
fatty acids. 

It is unfortunate that, because of a dearth of suitable paper chromato- 
graphic methods for the separation of small quantities of long chain fatty 
acids from reaction mixtures, it has been impossible to analyze the nature 
of the reaction product. Although of value only as negative evidence, it 
has been shown that there is no accumulation of formic acid, acetic acid, 
small acidic fragments, acetoacetic acid, acetoin, formaldehyde, or di- 
acetyl in the reaction product. 

Inhibitors—The oxidation of palmitic acid by the microsomes is inhibited 
completely by hydroxylamine (10-* m), arsenite (10-* m), and imidazole 
(10“ m final concentration). In no case could the accumulation of any 
intermediates be demonstrated in the reaction mixture. Fluoride, malon- 


ate, cyanide, dinitrophenol, azide, and arsenate at 10~* m concentration are 
inert. 
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SUMMARY 


Microsomal particles from germinating peanut cotyledons oxidize pal- 
mitic acid to CO. When either 1-, 2-, 3-, or 11-C'-labeled palmitic acid 
is used as the substrate, CO, is produced. No cofactor requirements are 
demonstrable for the oxidation of palmitic acid-1-C™, while DPN is specif- 
cally required for CO: production from internally labeled palmitate. Syn- 
thetic palmityl CoA was found to be inactive as a substrate for this enzyme 
system, and evidence is presented to indicate that the TCA cycle is not 
responsible for CO, production from palmitate oxidation. 


BIBLIOGRAPHY 


1. Mahler, H. R., Federation Proc., 12, 694 (1953). 

. Lynen, F., Federation Proc., 12, 683 (1953). 

. Newcomb, E. H., and Stumpf, P. K., in McElroy, W. D., and Glass, B., Phosphorus 
metabolism, Baltimore, 2, 291 (1952). Newcomb, E. H., and Stumpf, P. K., 
J. Biol. Chem., 200, 233 (1953). 

. Barkulis, S. S., and Lehninger, A. L., J. Biol. Chem., 193, 597 (1951). 

. Kornberg, A., and Pricer, W. E., Jr., J. Biol. Chem., 204, 329 (1953). 

. Hogeboom, G. H., Schneider, W. C., and Striebich, M. J., Cancer Res., 18, 617 
(1953). 


ow bo 


a oe 








PO! 


(From 


Du 
chond 
taboli: 
least 
is con 

Sine 
phosp 
tive r 
mariz 
glutar 
transf 
phory 
of the 
which 
at suk 

In 
ary to 
either 
ATP 
tion « 
deterr 
and t 
The | 
phosp 

rT 
John \ 
of Bio 

t Fe 
of Me 

'T] 
Monoy 
esterif 
hydro] 
phosp! 





ne 
ot 


rus 


617 





POLYPHASIC RESPONSE OF RESPIRATION AND AEROBIC 
PHOSPHORYLATION TO 2,4-DINITROPHENOL* 


By 8S. W. STANBURY? anp GILBERT H. MUDGE 


(From the Department of Medicine, College of Physicians and Surgeons, Columbia 
University, and the Presbyterian Hospital, New York, New York) 


(Received for publication, February 13, 1954) 


During an investigation of the potassium exchange of rabbit liver mito- 
chondria (1) a previously undescribed action of DNP' on phosphorus me- 
tabolism was noted, consisting of the apparent stimulation by DNP of at 
least one aerobic phosphorylation reaction. The present communication 
is concerned with a detailed analysis of this effect. 

Since the original demonstrations (2-4) that DNP may uncouple aerobic 
phosphorylation, further investigation has shown that certain phosphoryla- 
tive reactions are DNP-resistant. These observations have been sum- 
marized by Hunter (5), and it has been suggested, for the case of a-keto- 
glutarate oxidation, that the phosphorylations associated with electron 
transfer over the cytochrome system are DNP-sensitive, while the phos- 
phorylation occurring at substrate level is DNP-resistant. On the basis 
of these findings, it would be reasonable to anticipate that an esterification 
which is actually stimulated by DNP might represent a reaction occurring 
at substrate level. 

In measuring the yield of oxidative phosphorylation it has been custom- 
ary to estimate the rate of formation of the pyrophosphate bonds of ATP 
either by the use of a secondary acceptor for the terminal phosphate of 
ATP (see Hunter (5) for review) or by determining the rate of incorpora- 
tion of P® into ATP (6). These techniques are designed primarily for 
determination of the thermodynamic efficiency of aerobic phosphorylation, 
and their use presupposes that ATP is the product of primary interest. 
The present study is concerned with the net esterification of inorganic 
phosphate which accompanies the aerobic utilization of substrate in a 


*This study was supported by a grant from the Rockefeller Foundation to Dr. 
John V. Taggart. A preliminary report was presented before the American Society 
of Biological Chemists, Chicago, April 6-10, 1953. 

t Fellow of the Rockefeller Foundation on leave of absence from the Department 
of Medicine, University of Manchester, England. 

' The following abbreviations are used: DNP, 2,4-dinitrophenol; AMP, adenosine- 
monophosphate; ATP, adenosinetriphosphate; P:O, micromoles of orthophosphate 
esterified per microatom of oxygen consumed; Po, phosphate as determined without 
hydrolysis by the method of Fiske and Subbarow, considered identical with ortho- 
phosphate; Tris, tris(hydroxymethyl)aminomethane. 
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system to which neither adenine nucleotide nor phosphate-trapping mech- 
anism has been added. This process will be described as “aerobic phos- 
phorylation” without implication concerning its mechanism. 

In the present paper a systematic examination has been made of the 
effects of DNP and of other experimental variables on respiration and 
phosphate esterification; in the accompanying communication (7) detailed 
evidence is presented that phosphoenolpyruvate is the major product of 
phosphorylation under these conditions. 


EXPERIMENTAL 


Mitochondrial suspensions from fresh rabbit liver were prepared in 
sucrose and washed three times with 0.075 m NaCl. The technique is 
essentially the “short procedure” of Lehninger (8). 1 ml. of the mito- 
chondrial suspension (M;L) contained about 7 mg. of nitrogen (micro- 
Kjeldahl). Incubation in Warburg vessels, under the following condi- 
tions, will be referred to as the standard procedure: oxygen in the gas phase; 
NaOH in the center well; time, 40 to 60 minutes; bath temperature, 25°; 
and cup components, final concentration in parentheses, 30 um (0.01 m) 
of sodium a-ketoglutarate, 60 um (0.02 m) of Tris(hydroxymethyl)amino- 
methane buffer at pH 7.4, 75 um (0.025 m) of KCl, 5 um (0.0017 m) of 
MgCl, and water to a final volume of 3 ml. In addition, the main com- 
partment contained sodium phosphate at pH 7.4, 6 um per cup (0.002 m) 
in the earlier experiments, 10 um (0.0033 m) in the later ones. Except for 
the addition of orthophosphate in the current studies, these conditions are 
identical with those of experiments on the electrolyte exchange of mito- 
chondria (1). 

The reaction vessels were kept chilled until gassed and were equilibrated 
for 5 minutes before the stop-cocks were closed. When P:O ratios were 
calculated, the oxygen consumption during the equilibration period was 
estimated by the extrapolation method of Cross et al. (4). Oxygen con- 
sumption by enzyme blanks without added substrate was negligible, and 
no correction for the blank has been made. 

Following incubation, the flask contents were decanted into 1 ml. of 
50 per cent trichloroacetic acid, the flasks were rinsed with distilled water, 
and the pooled material made up to 25 ml. The filtrate was used for the 
estimation of phosphorus by the method of Fiske and Subbarow (9). 
Orthophosphate added to the cold mitochondrial preparation was recovered 
quantitatively. In each experiment, the amount of orthophosphate pre- 
sent in the reaction mixture prior to incubation was calculated as the sum 
of the added sodium phosphate plus the orthophosphate contributed by 


2 Essentially identical results were obtained when the mitochondria were prepared 
in sucrose throughout or in KCl instead of NaCl. 
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the mitochondrial suspension, both of which were always directly deter- 
mined. 


Results 
Phasic Stimulation of Phosphorylation and Respiration by DNP 


Orthophosphate Esterification during a-Ketoglutarate Oxidation—Freshly 
prepared, chilled mitochondrial preparations at the M;L stage invariably 
contained acid-soluble P which was estimated as Po. In twenty-four 
experiments, the average value for 1 ml. of M;L was 1.46 um of Po. After 
40 minutes incubation with a-ketoglutarate as substrate, but without 
added orthophosphate, only 0.55 um of Py was recovered from the reaction 
mixture, indicating the esterification of approximately 1.0 um of phosphate. 
When orthophosphate was added to the incubation medium (10 um per 
cup), the amount of esterified phosphate increased to 4.5 um per cup (aver- 
age of 56 experiments). 

The effect of DNP on this phosphorylation was examined over a wide 
range of DNP concentrations. In experiments with 10 um of added 
orthophosphate approximately 4 um were esterified without the addition 
of DNP. As the concentration of DNP was increased, less orthophosphate 
was recovered, indicating an apparent stimulation of phosphorylation, and 
as much as 9 um of orthophosphate disappeared at about 10-° m DNP. 
With a further increase in DNP concentration, depression of phosphoryla- 
tion was noted, with the most pronounced effect between 5 X 10-° and 
10*m DNP. At still higher concentrations phosphorylation was again 
stimulated, with a peak effect at about 10-?>m DNP. The resultant poly- 
phasic curve of DNP action was regularly reproducible. Throughout the 
range of DNP concentrations, respiration varied with phosphate esterifica- 
tion to produce a corresponding polyphasic curve (Fig. 1). In experi- 
ments designed to elucidate the nature of this sequential stimulation, 
inhibition, and stimulation, three critical DNP concentrations have been 
studied. These concentrations, 10-5, 5 K 107°, and 1.5 X 10-* Mm, will be 
referred to subsequently as low, medium, and high. 

A component study is depicted in Table I. It is evident that the phos- 
phorylation is dependent upon aerobic oxidation, since no orthophosphate 
disappeared in the absence of substrate, in the absence of oxygen, or at 
low temperature. This applied both to the control cups and to the en- 
hanced phosphorylation at low and high DNP concentrations. 

Effect of Other Nitrophenols—A direct relationship between respiratory 
stimulation and phosphate esterification during a-ketoglutarate oxidation 
was observed with certain other substituted monophenols (Fig. 2). Deriv- 
atives stimulating esterification at a particular concentration concom- 
itantly increased the rate of oxygen consumption, and 2,4-dinitro-6- 
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phenylphenol exhibited a polyphasic action curve, but this occurred at a 
concentration approximately one-tenth that of DNP. 2-Amino-4-nitro- 
phenol and 2,4,6-trinitrophenol were without influence on either phos- 
phorylation or respiration, except at high concentration (10~ M), at which 
an inhibitory effect was noted. This is in contrast to the stimulation pro- 
duced by DNP at a similar high concentration, and also to the action of 
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Fig. 1. Polyphasic effect of DNP on phosphorylation and oxygen consumption 
Standard procedure with a-ketoglutarate as substrate. Incubation for 40 minutes. 
Note the parallel changes in respiration and phosphorylation. Each cup initially 
contained 7.7 um of orthophosphate, of which 1.4 um were endogenous to M3L. 





2-nitrophenol, which was inert at low concentrations, but slightly stimu- 
latory at 10-* m. It may be noted that the four nitrophenols which dem- 
onstrate the polyphasic effect in the present system are also active in 
uncoupling aerobic phosphorylation in a system with an added trapping 
mechanism (4, 8), while the other phenols are virtually inactive in both 
systems. 

Effect of Substrate—The majority of experiments were performed with 
a-ketoglutarate, which consistently produced the polyphasic curves de- 
scribed above. Results with other substrates (Fig. 3) clearly indicate the 
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critical réle of substrate in producing this phenomenon. It will be seen 
that, except for minor quantitative differences, similar effects on phos- 
phorylation and respiration were observed with a-ketoglutarate, glutamate, 
citrate, and proline. 

Results with all other substrates were completely different. The control 
oxygen uptake with added fumarate, malate, oxalacetate, and acetate was 
generally lower than with a-ketoglutarate, and respiration was markedly 
depressed by all concentrations of DNP examined; phosphorylation was 


TaBLeE [ 
Component Study 











Control 2,4-DNP, 1.5 X 107 u 
cuer | am | Ome | ap 
microatoms uM microatoms | pM 

Complete system....... ‘co oe —3.9 41.8 —8.5 
>) a 24.2 —4,.2 40.2 —7.7 
“ MgCls... 26.8 —4.6 41.3 -—7.8 
“ Tris buffer. 26.0 —4.9 42.7 —7.8 
“ q-ketoglutarate i 0.4 +0.8 3.7 +0.8 
“ oxygen..... ¥ 0.0 +0.8 0.0 —0.1 
Incubation at 2°. ; ; —0.6 —0.7 





The complete system consisted of 1.0 ml. of MsL, 30 um of sodium a-ketoglutarate, 
75 um of KCl, 5 um of MgCle, 60 um of Tris buffer (pH 7.4), 10 um of sodium phosphate 
(pH 7.4), 4.5 um of DNP, in the cups indicated, and water to a final volume of 3.0 
ml.; oxygen in the gas phase and 0.2 ml. of 6 N NaOH in the center well. Incubation 
was at 25° for 40 minutes. The other manometer vessels were identical except for 
the omissions indicated. The cup labeled ‘‘no oxygen’’ was gassed with nitrogen. 


Before incubation each cup contained 11.6 um of Po and 7.0 mg. of mitochondrial 
nitrogen. 


negligibly small and irregular. Effects with pyruvate (with 2 um of a- 
ketoglutarate as ‘“‘sparker’’) were less consistent. In some experiments 
respiratory stimulation was observed with low DNP concentrations, but 
respiratory depression was invariably produced by medium and high con- 
centrations. 

The behavior of succinate was unique in several particulars (Fig. 4). 
The control respiration rate was regularly higher than with the other sub- 
strates examined, and the respiratory stimulation produced by DNP was 
completely dissociated from any effect on phosphorylation. No measura- 
ble esterification of phosphate accompanied succinate oxidation, either in 
the control or throughout the wide range of DNP concentrations examined. 
Maximal stimulation of respiration (40 per cent greater than the control) 
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was observed with the medium concentration of DNP (5 X 10-° M); ze., 
the same concentration which was associated with a relative inhibition of 
oxygen uptake when a-ketoglutarate was used as substrate. The high 
DNP concentration, which is maximally stimulatory with a-ketoglutarate, 
greatly depressed succinate oxidation (Fig. 4). 

Other Requirements—The DNP-stimulated phosphorylation differs from 
the reactions studied in mitochondrial preparation with added phosphate 
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Fig. 2. Effect of different nitrophenols on phosphorylation. Standard procedure 
with a-ketoglutarate as substrate. The curves indicate the amount of Pp» recovered 
after 40 minutes incubation; the amount of Po added in each experiment is indicated 
by the arrow. In every instance Qo, varied directly with the degree of phosphoryla- 
tion. For discussion, see the text. 


acceptors (4) in that no addition of magnesium ions or adenine nucleotide is 
required for maximal activity. Without the addition of magnesium, the 
resultant phosphorylation was similar to that of Fig. 1, except that the 
amount of phosphate esterified at the mediwm DNP concentration was 
consistently less than in the control. The addition of AMP had relatively 
little effect on esterification; in the control, more phosphate was esterified 
than in the absence of added AMP, but as the DNP concentration was 
increased, the type of curve was the same with AMP as without it. De- 
tailed studies are in progress on the metabolism of the adenylic acid series 
under these conditions. 

Effect of Osmotic Pressure and of Aging—Phosphorylation and respiration 
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Fic. 3. Effect of substrate on DNP-stimulated phosphorylation. Standard pro- 
cedure except for substitution of 30 um of the substrate indicated. Incubation for 40 
minutes. With acetate and pyruvate, 2 uM per cup of a-ketoglutarate were added as 
a “‘sparker.’’ The curves indicate the amount of Po recovered; the dash lines, the 
amount of Po added. Each curve represents eleven different concentrations of DNP; 
the extreme left of the curve indicates the control without DNP. 
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Fic. 4. Effect of DNP on succinate oxidation. 
substrate; incubation for 40 minutes. 





Standard procedure except for 
The arrows indicate the Po added per cup. 
Note the respiratory stimulation at lower concentrations of DNP with depression at 


higher levels and the absence of any measurable phosphorylation. Compare with 
the results with a-ketoglutarate, Fig. 1. 
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were inhibited by incubation in a medium with a high osmotic pressure 
(Table II). Under these conditions, low concentrations of DNP were 
ineffective in stimulating either respiratory or phosphorylative activity, 
but the stimulatory effect of the high levels of DNP remained unimpaired. 
Aged mitochondria (Table III) developed a magnesium or AMP re- 
quirement for both respiration and phosphorylation. Phosphorylative 
capacity of the aged preparation was not restored by low DNP concentra- 
tion. However, at the high concentration of DNP the aged enzyme had 
no requirement for either magnesium or AMP in terms of either phos- 
phorylation or respiration. Effectively, therefore, the high concentration 


TABLE II 
Effect of Osmotic Pressure 





Osmolar concentration of incubation medium 














180 mosm 300 mosM 450 mosmM 
| | # |S | 4% ---3 
elerestemel par \atwesions| pa \mleestond pu 
0 SR AOR 34 4.2 29 4.7 1 | 1.9 
DP we w................ BB 7.7 43 7.8 16 | 0.2 
* 2 W*u..........1 @ 2.5 26 1.8 19 | 1.0 
“ 15X10-%M........| 54 8.4 58 9.8 46 | 8.9 


Incubation according to the standard procedure for 50 minutes. Osmotic pressure 
varied by addition of NaCl. The osmolar concentration is calculated as the sum of 
the molar concentrations of all the ions present. Before incubation each cup con- 
tained 11.4 um of Po. 


of DNP “replaced” both magnesium and AMP in this system. Although 
phosphorylation at high and low DNP concentrations is superficially similar 
in many respects, it is possible that biologically distinct mechanisms may 
be involved, since the system is much more sensitive at the low concentra- 
tion than at the high to the deleterious effects of aging and increased os- 
motic pressure. In a sense, under these conditions the phosphorylation 
becomes DN P-dependent. 


Factors Influencing Respiratory Stimulation Produced by DN P 


It is evident from the above results that the phasic stimulation of res- 
piration by DNP is dependent upon a number of experimental variables, 
such as the concentration of DNP, nature of the substrate, osmotic pres- 
sure, and age of mitochondrial preparation. Since many of these findings 
were unexpected, the effects of other factors have been reexamined, with 
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particular attention to those components commonly added to mitochon- 
drial preparations in studies on phosphorylation. No simple unifying 
concept has emerged from this survey, and the data will therefore be 
presented in a purely descriptive manner. Preliminary experiments indi- 
eated that, at any of the critical concentrations of DNP, variations in the 
experimental conditions could change the rate of oxygen consumption from 
50 to 300 per cent of the control rate. 


TaBLeE III 
Effects of Aging Mitochondrial Suspension 
Fresh enzyme Aged enzyme 
Oxygen uptake A Po Oxygen uptake 4 Po 


Mg 


oe Mg : Mg : Mg : 
None AMP None AMP None AMP None AMP 


micro- | micro- micro- | micro- 


atoms | atoms om aad atoms | atoms seed aad 

ET eee 34 | 5l 4.2 9.8 13 | 44 0.0 3.8 
DNP 10-> m.. 46 55 5.2 9.7 12 37 0.0 2.1 
~ Ca we a... 25 42 1.2 1.3 12 33 +0.3 0.0 
“ 15X W*m.. 51 ae be 5.8 40 51 5.0 §.3 


The vessels labeled ‘‘None’”’ were incubated in a medium which was of the stand- 
ard composition except for the omission of MgCl.; to the other vessels 5 um of MgCl. 
and 6 um of AMP were added. Incubation was at 25° for 40 minutes. Incubation 
of the fresh enzyme was commenced approximately 1} hours after the animals had 
been sacrificed; the aged enzyme was kept at 2° for an additional 20 hours. The 
mitochondrial suspension was prepared by the standard procedure, except that it 
was suspended in 0.15 N NaCl instead of 0.075 N NaCl. Thesame amount of M;L was 


used for both experiments; the fresh enzyme contained 1.5 um and the aged enzyme 
3.1 um of Po. 


Time Relations—The polyphasic respiratory curve in Fig. 1 was deter- 
mined by calculation of the oxygen consumption for the entire 40 minute 
period of incubation (Qo, 40). Fig. 5 shows the changes in oxygen con- 
sumption with time. Up to 20 or 30 minutes, all DNP concentrations 
were stimulatory; thereafter, respiration was depressed by the mediwm 
DNP concentration (5 X 10-° m), while it remained linear in the other 
vessels. Evidently, curves quite different from those of Fig. 1 would 
result from calculation of Qo, 20 or 70. 

Concentration of Substrate—When a-ketoglutarate was added in limiting 
quantities, all concentrations of DNP depressed oxygen consumption (Ex- 
periment 1, Table IV). Maximal respiratory stimulation depended upon 
the addition of at least 30 um (0.01 m) of a-ketoglutarate per cup. 
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Réle of Orthophosphate Concentration—It has become evident that the 
concentration of orthophosphate is an important factor in determining the 
effect exerted by DNP on the rate of respiration. In the absence of added 
orthophosphate, DNP inconstantly produced slight respiratory stimula- 
tion, which was maximal at the medium concentration and less at high 
concentrations (Experiment 2, Table IV). With the addition of small 
amounts of orthophosphate the pattern of DNP-stimulated respiration 
assumed the polyphasic curve (Qo, 40) already described, this effect being 
maximal with 10 um of orthophosphate (0.0033 m). Higher phosphate 


60 5x10 > 


50}-- 


40+ , 
Lo CONTROL 
30 
// PA 5x10> 
20 ima 


20 40 60 80 
TIME MINUTES 
Fig. 5. Time curve of DNP-stimulated respiration. Standard procedure with 
DNP in the concentrations indicated. Early stimulation is apparent at all con- 
centrations of DNP, with subsequent inhibition at 5 X 10->m DNP._ For discussion, 
see the text. 
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concentrations further modified the response, and with 40 um (0.013 m) 
or more of added orthophosphate the high DNP concentration became 
inhibitory. Thus the same DNP concentration (1.5 X 10-* m) acted as 
a respiratory stimulant in the presence of 0.0033 m orthophosphate and 
as a depressant at greater than 0.013 m orthophosphate. Titration curves 
of DNP action on respiration and phosphorylation at these two phosphate 
concentrations are presented in Fig. 6. It will be seen that phosphate 
esterification is also depressed at high DNP concentrations in the presence 
of 0.013 m orthophosphate. 

Because of these observations, the effects of orthophosphate on respira- 
tion were examined in the absence of DNP. As reported by many other 
observers, added orthophosphate markedly increased the respiratory rate. 
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This effect was temporary, however, and the duration of a linear rate of 
oxidation was found to be inversely proportional to the amount of ortho- 


phosphate added. In the experiment shown in Fig. 7, respiration contin- 


TaBLe IV 
Effect of Cup Components on Stimulation of Respiration by DNP 


Additions Respiration 
— Concentration of DNP 
—" a-Keto- Ortho- — 
iy | glutarate phosphate AMP NaF Knee | on |s x 10-* 1.5 x 10-9 
| Final molar concentration | Microatoms o| Per cent of control 
1 | 0.0006 | 0.0033 | 0 0 13.4 43 55 49 
| 0.0013 | 0.0033 | 0 0 14.0 | 88 57 | 87 
| 0.0033 | 0.0033 | 0 0 26.5 | 104 | 79 91 
| 0.010* | 0.0033 | 0 0 25.6" | 187 | 139 | 198 
2 | 0.010 0 0 0 13.7. | 129 | 151 | 120 
| 0.010* | 0.0033 | 0 0 25.2* | 179 | 123 | 184 
| 0.010 0.020 0 0 20.0 | 115 | 80 73 
0.010 0 0.001 0 19.8 | 156 | 162 133 
0.010 0.0033 0.001 0 52.3 | 103 84 83 
0.010 0.020 0.001 0 53.0 | 134 105 78 
3 0.010* | 0.0033 | 0 0 20.1* | 
0.010 0 0 0.011 9.7 | 152 144 128 
0.010 0.0033 | 0 0.011 14.0 255 | 241 270 
0.010 0.020 0 0.011 21.4 153 152 110 
0.010 0 0.001 0.011 18.8 123 122 102 
0.010 0.0033 | 0.001 0.011 47.1 104 110¢ 91 
0.010 0.020 0.001 0.011 63.3 99 97 58 





All experiments carried out according to the standard procedure, with variations 
as indicated; incubation for 40 minutes. Concentration of added components given 
as initial concentration in the reaction mixture; osmotic pressure maintained con- 
stant by additions of appropriate amounts of NaCl. The values are not corrected 
for oxygen consumed by the enzyme control (no substrate added; medium otherwise 
comparable to cups indicated by asterisks): 2.7, 0.1, and 1.4 microatoms of oxygen 
for the three experiments, respectively. 

* Values for comparable cups. 

{ Cup unsatisfactory; the value reported is an average of four similar experi- 
ments. 


ued for 300 minutes in the absence of added phosphate, but with the addi- 
tion of 60 um (0.02 m) of orthophosphate respiration virtually ceased after 
90 minutes. Paradoxically, therefore, if calculated after a long period of 
incubation, oxygen consumption was depressed by orthophosphate. A 
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considerable variation in the apparent sensitivity to the late depressant 
effects of added orthophosphate was noted with different preparations of 
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Fic. 6. Effect of orthophosphate on DNP-stimulated phosphorylation. Standard 
procedure except for additional inorganic phosphate. Osmotic pressure maintained 
constant by addition of appropriate amounts of NaCl. Incubation for 40 minutes; 
oxygen consumption recorded from 10 to 40 minutes. M;L contained 1.3 uM of Po. 
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Fic. 7. Effect of orthophosphate on oxygen uptake. Standard procedure except 
for additional sodium phosphate (pH 7.4); initial osmotic pressure maintained con- 
stant by variations in NaCl to compensate for phosphate. Oxygen uptake recorded 
after a 5 minute period of equilibration. No AMP or DNP added. For discussion, 
see the text. 





mitochondria. In some experiments, the addition of 60 uM of orthophos- 
phate (0.02 m) produced respiratory inhibition within 30 minutes of ineu- 








batic 


expe! 
cups 
than 
late | 
each 
delay 
phen 
Ef 
slight 
ment 


Fluor 
concent: 


M 
Nor 
0.01 
0.05 
0.04 





Inet 
indicat 
initial] 


ment 
In the 
lation 
tem ¢ 
lation 
findin; 
Lipms 

Effe 
tration 
studie 
a mod 
tion, | 
most 1 
tion, a 
in Tal 





ept 


ded 


ion, 


nos- 





S. W. STANBURY AND G. H. MUDGE 961 
bation; in others, this effect was observed much later. However, in all 
experiments, towards the end of the prolonged period of incubation, the 
cups without added orthophosphate regularly had a higher respiratory rate 
than those to which orthophosphate had been added. Development of the 
late respiratory depression by orthophosphate was accelerated by DNP at 
each of the critical concentrations. By contrast, its development was 
delayed, but not prevented, by addition of AMP. Further studies of this 
phenomenon are in progress. 

Effect of AMP—The addition of 3 to 6 um (0.001 to 0.002 m) of AMP 
slightly increased the rate of oxygen consumption, and it appreciably aug- 
mented the respiratory stimulation produced by orthophosphate (Experi 


TaBLE V 
Effect of Fluoride on Action of Dinitrophenol 





Concentration of dinitrophenol 
| —_— 


Fluoride | None 10-5 uw 











> 5 X 1075 w 1.5 X 107m 
concentration! — hie $ 

Oxygen AP Oxygen AP. Oxygen AP Oxygen P 

uptake ‘ uptake . uptake ”, uptake Ate 

M stivedions uM inetinnn : eieneetand uM microatoms uM 
None 42 4.0 65 9.1 38 3.6 58 8.8 
0.011 28 | 5.0 59 9.5 48 6.5 56 9.8 
0.022 | 21 | 3.6 39 9.1 56 9.2 50 8.7 
0.044 | 16 | 3.5 36 7.6 37 aa 37 6.8 





Incubation for 60 minutes according to the standard procedure, with additions as 


indicated; oxygen consumption measured from 5 to 60 minutes. The control cup 
initially contained 11.3 um of Po. 


ment 2, Table IV). AMP also modified the respiratory response to DNP. 
In the absence of added orthophosphate, DNP produced respiratory stimu- 
lation in vessels both with and without added AMP; by contrast, in a sys- 
tem containing 10 um (0.0033 m) of added orthophosphate, further stimu- 
lation of respiration by DNP was minimal in the presence of AMP. These 
findings are in essential agreement with the observations of Loomis and 
Lipmann (3). 

Effect of Fluoride—The action of sodium fluoride at the critical concen- 
trations of DNP is depicted in Table V. As anticipated from previous 
studies, fluoride inhibited respiration in the control cup; it also produced 
a moderate depression of oxygen consumption at the low DNP concentra- 
tion, but this was less marked with high levels of DNP. However, the 
most marked action of fluoride was noted at the medium DNP concentra- 
tion, at which, paradoxically, it produced respiratory stimulation. As seen 
in Table V, at 5 X 10-5 m DNP, the addition of sodium fluoride (final 
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concentration of 0.022 m) resulted in a 47 per cent increase in oxygen con- 
sumption. Thus, at these particular concentrations of DNP and fluoride, 
both compounds together stimulated respiration, while the addition of 
either compound alone depressed it. The fluoride reversal of the medium 
DNP effect was noted for phosphorylation as well as for oxidation. At 
other concentrations of DNP fluoride did not significantly alter the rate of 
esterification. 

Additional observations on the réle of fluoride in modifying the respira- 
tory action of DNP are presented in Table IV. The greatest relative 
stimulation of respiration was noted in the system with fluoride and with 
10 um (0.003 m) of orthophosphate. These results are in essential agree- 
ment with previous reports that respiratory stimulation by DNP is en- 
hanced by the addition of fluoride (4), and that this effect is more pro- 
nounced at relatively low concentrations of orthophosphate (3, 10). 


DISCUSSION 


The polyphasic action of DNP on phosphorylation constitutes an extra- 
ordinary response of the mitochondrial system to the variation of ap- 
parently only a single experimental factor. As is reported in the following 
paper (7), the major product of phosphorylation at all concentrations of 
DNP is phosphoenolpyruvate. The present studies fail to define any 
single action of DNP which would be compatible with all the experimental 
observations. As a working hypothesis, it must be assumed that multiple 
reactions within the mitochondrial complex are affected by this agent and 
that the polyphasic curve is due to variations in their sensitivity. More- 
over, it should be emphasized that the action of DNP in stimulating one 
type of phosphorylation néay not necessarily be related to its action in 
uncoupling aerobic phosphorylation in the presence of an ATP-hexose 
acceptor system. 

From the present study it is evident that whether DNP depresses or 
stimulates respiration is contingent on the particular experimental condi- 
tions, and at least nine experimental variables have been identified. None 
of the previously proposed hypotheses appear to account for all instances 
of respiratory stimulation observed under these conditions. It has been 
suggested (11) that DNP, either by the breakdown of an intermediate 
phosphate ester or by the inhibition of its formation, increases the effective 
orthophosphate concentration in the system and thus saturates the phos- 
phate requirements of the oxidative enzymes. This hypothesis may, in- 
deed, adequately account for the maximal respiratory stimulation by DNP 
in systems in which a low orthophosphate concentration could conceivably 
be a rate-limiting factor, but it will not explain the present observation 
that maximal respiratory stimulation by DNP can be contingent on the 
presence of a critical amount of added orthophosphate. A second hypoth- 
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esis, proposed by Teply (12), is essentially a modification of the first. 
Teply considered that DNP increases the available phosphate in his sys- 
tem by releasing orthophosphate from labile endogenous esters in the 
“eyclophorase” preparations. Such a preparation, pretreated with DNP 
and subsequently washed free of both DNP and released inorganic phos- 
phate, no longer exhibited respiratory stimulation on addition of DNP. 
We have confirmed Teply’s observation to the extent that the mitochon- 
drial level of apparent orthophosphate is markedly depressed by incubation 
with DNP. However, the hypothesis fails to explain the fact that DNP 
respiratory stimulation depends on the presence of added orthophosphate, 
even when small amounts of apparent orthophosphate are released from 
the mitochondria. 

Particular significance must attach to the substrate specificity of the 
observed polyphasic phenomena and to the demonstration that respiratory 
stimulation during a-ketoglutarate oxidation was intimately associated 
with phosphate esterification. The phosphate-dependent respiratory stim- 
ulation by DNP was always associated with such phosphorylation. These 
observations suggest that increased oxygen consumption might be a direct 
consequence of the transformation a-ketoglutarate — phosphoenolpyru- 
vate, and that this is a specific instance of “phosphate acceptor respira- 
tion.” Proof or disproof of this hypothesis may be provided by studies on 
the turnover of phosphoenolpyruvate now in progress. It is clear, how- 
ever, that a relationship between DNP-stimulated respiration and en- 
hanced phosphorylation is by no means obligatory. Respiratory stimula- 
tion by DNP during the oxidation of succinate or of pyruvate was not 
associated with phosphate esterification. Evidently, DNP must be ca- 
pable of producing respiratory stimulation by influencing more than one 
enzyme system; alternatively, a hypothetical single site of its action re- 
mains completely obscure. The uncoupling by DNP of oxidative phos- 
phorylation in the conventional sense occurs with a-ketoglutarate as well 
as with succinate, pyruvate, and other substrates (4), and the respiratory 
stimulation which accompanies uncoupling may be due to the activation 
of an apparent “ATPase” or other phosphatases capable of destroying the 
primary products of phosphorylation during electron transfer (5, 13). 
The phosphate-dependent, substrate-specific, respiratory stimulation might 
be a separate phenomenon, resulting from the activation of an enzyme 


system which catalyzes the formation of phosphoenolpyruvate from a-keto- 
glutarate, 


SUMMARY 


The polyphasic stimulation of oxygen uptake and of aerobic phosphoryl- 
ation by DNP has been observed in a system of liver mitochondria studied 
without the addition of a phosphate acceptor mechanism. Experimental 
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variables which modify the nature of this phenomenon include (1) concen- 
tration of DNP, (2) concentration of orthophosphate, (3) concentration 
and (4) type of substrate, (5) duration of incubation, (6) osmotic pressure, 
(7) age of mitochondrial suspension, and (8) additions of AMP, fluoride, 
and Mg. Comparison has been made to the action of other substituted 
monophenols. Some of the proposed mechanisms of DNP stimulation of 
respiration have been discussed. 


The authors are indebted to Frances Dulberg and Robert Eyer for their 
very capable technical assistance. 


BIBLIOGRAPHY 


. Stanbury, S. W., and Mudge, G. H., Proc. Soc. Exp. Biol. and Med., 82, 675 (1953). 

2. Hotchkiss, R. D., in Green, D. E., Currents in biochemical research, New York, 
379 (1946). 

3. Loomis, W. F., and Lipmann, F., J. Biol. Chem., 173, 807 (1948). 

4. Cross, R. J., Taggart, J. V., Covo, G. A., and Green, D. E., J. Biol. Chem., 177, 
655 (1949). 

5. Hunter, F. E., Jr., in McElroy, W. D., and Glass, B., Phosphorus metabolism, 
Baltimore, 1, 297 (1951). 

6. Lee, K.-H., and Eiler, J. J., J. Biol. Chem., 208, 705 (1953). 

7. Mudge, G. H., Neuberg, H. W., and Stanbury, S. W., J. Biol. Chem., 210, 965 
(1954). 

8. Lehninger, A. L., J. Biol. Chem., 178, 625 (1949). 

9. Fiske, C. H., and Subbarow, Y., J. Biol. Chem., 66, 375 (1925). 

10. Judah, J. D., and Williams-Ashman, H. G., Biochem. J., 48, 33 (1951). 

11. Green, D. E., Atchley, W. A., Nordmann, J., and Teply, L. J., Arch. Biochem., 
24, 359 (1949). 

12. Teply, L. J., Arch. Biochem., 24, 383 (1949). 

13. Potter, V. R., and Recknagel, R. O., in McElroy, W. D., and Glass, B., Phos- 

phorus metabolism, Baltimore, 1, 377 (1951). 


a" 











THEI 


By ¢ 


(From 


Th 
obser 
chara 
The « 
differ 
phos 
comp 
ketog 
tions; 
no ad 
polyp 
amoul 
inhibi 

In t 
as the 
exami! 


PEP \ 


The 
summ; 
from r 
NaCl. 


*Th 
John V 
Amerie; 

t Na 

t Fel 
of Medi 

The 
enolpyr 
adenosi 
stance; 
sumed ; 
Subbarc 











THE EFFECT OF 2,4-DINITROPHENOL ON THE FORMATION 
OF PHOSPHOENOLPYRUVATE BY LIVER MITOCHONDRIA* 


By GILBERT H. MUDGE, HANS W. NEUBERG,}{ anv S. W. STANBURYt 


(From the Department of Medicine, College of Physicians and Surgeons, Columbia 
University, and the Presbyterian Hospital, New York, New York) 


(Received for publication, February 13, 1954) 


The apparent stimulation of aerobic phosphorylation by DNP' has been 
observed with preparations of rabbit liver mitochondria; some of the 
characteristics of this action have been reported in the preceding paper (2). 
The experimental conditions under which this is observed are somewhat 
different from those which have been employed in many studies on aerobic 
phosphorylation, and certain aspects warrant emphasis: (1) the essential 
components include the mitochondrial suspension, substrate (usually a- 
ketoglutarate), and orthophosphate, with incubation under aerobic condi- 
tions; (2) the system contains no fluoride or added phosphate acceptor, 7.e. 
no adenylic acid, hexose, or hexokinase; and (3) this action of DNP is 
polyphasic and critically dependent upon its concentration, for, as the 
amount of DNP is increased, phosphorylation is sequentially stimulated, 
inhibited, and then stimulated. 

In the present study detailed evidence is presented which identifies PEP 
as the major product of phosphorylation at all the concentrations of DNP 


examined. Some of the implications of the net conversion of substrate to 
PEP will be discussed. 


EXPERIMENTAL 


The experimental details have been described previously (2) and are 
summarized briefly. Mitochondrial suspensions were prepared in sucrose 
from rabbit liver and were washed three times in either 0.150 or 0.075 m 
NaCl. Incubation was carried out in Warburg vessels with oxygen in the 


*This study was supported by a grant from the Rockefeller Foundation to Dr. 
John V. Taggart. A preliminary report was presented before the meeting of the 
American Society of Biological Chemists, Chicago, April 6-10, 1953 (1). 

+ National Research Council Fellow in the Medical Sciences. 

t Fellow of the Rockefeller Foundation on leave of absence from the Department 
of Medicine, University of Manchester, England. 

'The following abbreviations are used: DNP, 2,4-dinitrophenol; PEP, phospho- 
enolpyruvate; TCA, trichloroacetic acid; AMP, adenosinemonophosphate; ADP, 
adenosinediphosphate; ATP, adenosinetriphosphate; HRS, hydrazine-reactive sub- 
stance; P:0, micromoles of orthophosphate esterified per microatom of oxygen con- 
sumed; Po, phosphate as determined without hydrolysis by the method of Fiske and 
Subbarow, considered identical with orthophosphate. 
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gas phase, at 25°, and in most experiments for 40 to 50 minutes. The 
standard system contained 1 ml. of the mitochondrial suspension (about 7 
mg. of N), 30 um of sodium a-ketoglutarate, 10 um of orthophosphate, 60 
uM of Tris(hydroxymethyl)aminomethane hydrochloride buffer (pH 7.4), 
75 um of KCl, and 5 um of MgCl., final volume3 ml., and alkali in the cen- 
ter well. : 

In every experiment the effects of three critical concentrations of DNP 
have been examined: low DNP (10-5 m), medium DNP (5 X 107° M), and 
high DNP (1.5 X 10% m). The amount of added orthophosphate was 
calculated to include that contributed by the mitochondrial suspension. 


TaBLeE I 
Hydrolysis Characteristics of Ester Phosphate 





Concentration of 2,4-DNP in incubation medium 


| 1.5 X 10% 


Hydrolysis procedure None 10-5 Mm | 5 X 105m 


Orthophosphate recovered, uM per cup 


BUMS 6c danwak ta Jatetates 4.5 1.9 8.6 2.7 
Heat-acid, 40 min.. 11.8 12.0 13.2 | 12.4 
Mercuric chloride............ 11.7 | 11.5 12.1 12.4 
Alkaline iodine. 7.2 6.3 10.3 | 8.9 


Incubation for 65 minutes according to the standard procedure. Each cup ini- 
tially contained 10.7 um of orthophosphate. With an authentic sample of PEP, 
hydrolysis by alkaline iodine was 60 per cent of theory. The results above indicate 
a similar degree of hydrolysis, by this method, of the ester formed during incubation. 


After incubation the reaction mixture was decanted into chilled 50 per 
cent TCA and then diluted to volume: Phosphate was measured by the 
method of Fiske and Subbarow (3). 


Results 


Hydrolysis Characteristics of Phosphate Ester—When the reaction mixture 
was analyzed for orthophosphate after 40 or more minutes of aerobic incv- 
bation, approximately one-half of the 10 um of added orthophosphate had 
disappeared (Table I). With the low and high concentrations of DNP an 
increased amount of phosphate ester was formed, while at the medium con- 
centration the amount of phosphate esterified was the same as, or some- 
times less than, that in the control cup. Hydrolysis of the TCA filtrate 
in 1 nN HCl at 100° gradually liberated orthophosphate, with complete re- 
covery of added orthophosphate, within 40 to 60 minutes of hydrolysis. 
(The 40 minute interval was routinely employed.) It was also found that 
the esters formed at the low and at the high concentrations of DNP have 
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similar hydrolysis characteristics (Fig. 1), and that the rate of hydrolysis 
is identical with that of an authentic sample of PEP prepared by the 
method of Baer and Fischer (4). 

As is indicated in Table I, the phosphate ester was completely hydro- 
lyzed by mercuric chloride in a neutral or slightly alkaline solution (5). 
There was partial hydrolysis in alkaline iodine, by the method of Lohmann 
and Meyerhof (5). These two procedures have been regarded as specific 
tests for PEP. The esters formed at the several concentrations of DNP 
were hydrolyzed in a similar manner by each of these methods (Table I). 
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MINUTES HYDROLYSIS 


| N HCL 100°C 


Fic. 1. Hydrolysis of ester phosphate. 


M;L incubated according to the standard 
procedure for 40 minutes. 


As indicated by the arrow, 8.4 um of P» were added per 
cup. The experiment was run with ten different concentrations of DNP, and the 
hydrolysis characteristics were determined for those two cups, representing low and 
high DNP, from which similar amounts of Py were recovered. In a separate experi- 
ment ester phosphate formed without DNP had similar hydrolysis characteristics. 


Appearance of Hydrazine-Reactive Substance on Hydrolysis of Phosphate 
Ester—Acid hydrolysis of the phosphate ester liberated approximately 
equivalent amounts of orthophosphate and: carbonyl group (Fig. 2), as 
estimated by the formation of 2,4-dinitrophenylhydrazone according to 
the method of Friedemann and Haugen (6). Similar reactions were ob- 
served after incubation at each of the critical concentrations of DNP 
(Table II). This constitutes presumptive evidence that different amounts 
of the same ester are formed at each concentration of DNP. When mito- 
chondria were incubated with either citrate or glutamate as substrate, an 
increased amount of phosphate was esterified at the high level of DNP, 
and this had the same characteristics as the compound formed with a-keto- 
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glutarate, in that equimolar amounts of phosphate and carbonyl group 
were liberated by hydrolysis, either by heating in acid or by the mercury 
procedure. 


CONTROL 24-DNP 
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Fig. 2. Liberation of orthophosphate and hydrazine-reactive substance (HRS) 
on hydrolysis of TCA filtrate of reaction mixture. Incubation according to the 
standard procedure for 55 minutes. 12.8 um of Po added per cup; 5.1 and 3.6 uM of Py 
recovered in the control and at 1.5 X 10-?m DNP, respectively. Quantitative esti- 
mation of HRS under these conditions is subject to the following considerations. 
The molar extinction coefficients of the hydrazones of pyruvate and a-ketoglutarate 
are 12,100 and 8050, respectively, at 520 my in the Beckman DU spectrophotometer 
(ratio 1.50). The ratio of optical densities on an equimolar basis in the Coleman 
junior spectrophotometer, which was routinely used, was 1.56. However, when the 
hydrazones were carried through the ethyl acetate extraction procedure (method of 
Friedemann and Haugen), the relative recoveries reduced the above ratio to 1.1. 
Also, when either a-ketoglutarate or pyruvate was subjected to acid hydrolysis for 
40 minutes, there was a loss of approximately 20 per cent as determined by measure- 
ment of the hydrazone subsequently prepared. Furthermore, the keto acid liberated 
from the phosphate ester during hydrolysis is itself subjected to the decomposing 
action of the hydrolytic procedure, but for varying intervals of time, as shown by 
the curve in Fig. 1. Any correction for the above variables will itself be varied by 
the relative proportions of a-ketoglutarate and PEP in the reaction mixture. Be- 
cause of these considerations a precise correction factor could not be obtained, but 
it was found practical to refer HRS» to an internal standard of unhydrolyzed a-keto- 
glutarate and HRS,» to a hydrolyzed pyruvate standard. (The subscripts denote 
the duration in minutes of acid-heat hydrolysis.) The magnitude of these errors in 
no way invalidates the conclusions that have been drawn. 


Results of Paper Chromatographic Analysis—Further evidence for the 
formation of PEP was obtained by paper chromatography of the 2 ,4-dini- 
trophenylhydrazones prepared from the TCA filtrates of the reaction mix- 
tures. A butanol-water-ethanol solvent system gave satisfactory results 
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and was routinely employed. The hydrazones of a-ketoglutarate and 
oxalacetate consistently had slightly lower Rr values than those reported 
by others (7-9). However, this facilitated the separation of these com- 
pounds from the hydrazone of pyruvate. The basic experimental observa- 
tions were also confirmed by the use of butanol-ammonia and tertiary amyl 
alcohol-ethanol-water as solvents (7, 8), but the chromatograms were less 
satisfactory. 


TaBLe II 


Balance Experiment Showing Metabolism of a-Ketoglutarate in Relation to Oxidation 
and Phosphorylation 


a 
| Concentration of DNP in incubation medium 

















| None | 10-5 u | 5X 10-5 a | 1.5 X 107? ue 
Incubation 
Oxygen uptake, microatoms......... 45 | 69 | 41 | 62 
A orthophosphate, uw.............. | -6.2 | —10.2 —3.9 | —9.9 
Aa-ketoglutarate, uw............. | —16.2 —25.2 | —17.3 | —27.2 
4 P/oxygen uptake............... 0.14 0.15 | 0.10 0.16 
4 P/A a-ketoglutarate..............| 0.38 0.40 | 0.23 0.36 





Products obtained by hydrolysis of reaction mixture 


Orthophosphate, ww.............. +5.6 +10.3 





+4.0 +9.7 


he, Ee | +6.3 | +13.3 +3.1 +13.0 
PEP formed/A a-ketoglutarate..... | 0.35 | 0.41 0.23 0.36 





Incubation for 55 minutes according to the standard procedure. Each cup initially 
contained 11.6 um of orthophosphate and 30 uM of a-ketoglutarate. Reaction mix- 
ture hydrolyzed in 1 n HCl for 40 minutes at 100°. In calculation of the ratio of 
the final line, the amount of PEP formed has been estimated as the increase in ortho- 
phosphate following hydrolysis. In twenty-six similar experiments the average 
P:0 ratios were 0.14, 0.16, 0.08, and 0.17 for the control, low, medium, and high DNP, 
respectively. 


As is shown in Table III, the hydrazones obtained from the unhydrolyzed 
filtrate had Ry values similar to those of a-ketoglutarate; the intensity of 
the spots varied approximately with the amount of unoxidized substrate. 
After acid hydrolysis for 40 minutes, a new spot appeared with an Ry value 
corresponding to the hydrazone of pyruvate. With the addition of DNP, 
at each of the critical concentrations examined, the hydrazones obtained 
after hydrolysis had identical Ry values, all of which were the same as that 
of pyruvate. 

In order to avoid the presence of reactive carbonyl groups in the unhy- 
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TaBLeE III 
Paper Chromatography of 2,4-Dinitrophenylhydrazones 
: Hydro- 
Experiment No. Experimental conditions ort oNe aan. Rp 
| dure* 
z= = 
1. After incubation a-Ketoglutarate standard 0.14 
with a-ketoglu- | Oxalacetate standard 
tarate; standard | Pyruvate standard | | 0.46 
procedure None 0 | 0.20 
| 40 0.19 | 0.42 
| | 10-5 0 | None 
| | 40 0.42 
5 X 10-5 0 0.21 
| 40 | 0.14 | 0.43 
1.5 X 10° 0 None 
40 | 0.18 | 0.42 
2. After incubation a-Ketoglutarate standard | 0.11 
with different Oxalacetate standard 0.12 
substrates Pyruvate standard 0.37 
a-Ketoglutarate as sub- 11.5 xX 1073 0 0.12 
strate 40 0.11 | 0.35 


Hg | 0.12 | 0.37 
1S xX | 8 10.31 
40 | 0.10 | 0.35 
Hg | 0.11 | 0.35 
Lex wr Ss None 


| 
| Citrate as substrate | 


| Glutamate as substrate 








40 0.33 
Hg 0.35 
3. Hydrolysis of | a-Ketoglutarate 0 {0.11 
a-keto acid | 40 : 
standards Hg | 0.12 
| Oxalacetate 0 Jl 
| | 40 0.35 
F | Hg | 0.14 
| Pyruvate 0 0.34 
| 40 0.32 
Hg 0.38 








Ascending chromatograms on Whatman paper No. 1 for 18 hours. The solvent 
system was the organic phase of a mixture of butanol-water-ethanol, 50:40:10 parts 
by volume. The 2,4-dinitrophenylhydrazones were prepared in the usual manner 
(6) and then extracted with acidified petroleum ether to remove DNP. The by- 
drazones were again taken up in ethyl acetate, the solvent evaporated on a steam 
bath in a stream of nitrogen, and the residual hydrazones dissolved in a minimal 
amount of 0.2 m sodium phosphate (pH 7.25). 

* Hydrolysis procedures are abbreviated as follows: unhydrolyzed, 0; heat-acid 
for 40 minutes, 40; mercuric chloride, Hg. 
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drolyzed specimen, citrate and glutamate were added as substrate (Experi- 
ment 2, Table III). With citrate a very faint spot was detected before 
hydrolysis, having an Ry value corresponding to that of a-ketoglutarate. 
With glutamate, no significant amounts of hydrazone were detected either 
by paper chromatography or by quantitative spectrophotometry. With 
both substrates, however, the chromatogram of the hydrazone appearing 
after hydrolysis corresponded to that of pyruvate. 

The hydrazones were also identified by their absorption spectra between 
340 and 640 my with a Beckman DU spectrophotometer. The hydrazones 
were eluted from the chromatograms in 10 per cent NasCO; and their color 
developed with 1.5 n NaOH. Standards of a-keto acids were treated in a 
similar manner. The hydrazones which were formed after acid hydroly- 
sis, with Ry values corresponding to that of pyruvate, had absorption 
spectra, with a peak at 445 my, which were identical with that of the 
pyruvate standard. The hydrazones of oxalacetate and pyruvate have 
similar absorption spectra, but they were readily differentiated by their 
widely dissimilar Rp values. In an experiment with the critical concentra- 
tions of DNP, both the R, values and absorption spectra of the hydrazones 
appearing after hydrolysis were identical with those of the control without 
DNP, and all values corresponded to those for pyruvate. 

In an attempt to identify the phosphate compounds directly, the reaction 
mixtures were centrifuged without precipitation of the protein, and the 
supernatant solution was chromatographed in methanol-water-concen- 
trated NH,OH (60:30:10) according to the method of Bandurski and 
Axelrod (10). No phosphate spots were detected other than those attrib- 
utable to orthophosphate and PEP. 

Barium-Alcohol Fractionation—The reaction mixture from several large 
scale experiments, incubated with 1.5 X 10-* m DNP, was subjected to 
barium-alcohol fractionation (11). In the experiment depicted in Table 
IV, the ester phosphate was almost quantitatively recovered in the barium- 
soluble, alcohol-insoluble fraction, which was further purified as the silver- 
barium salt of PEP according to the procedure of Lohmann and Meyerhof 
(5). Owing to the losses sustained in the crystallization procedures, only 
a small amount of fine crystalline white needles was obtained after two 
recrystallizations. The nature of the silver-barium salt was confirmed by 
elemental analysis (see Table IV). Some of the crystals were also sub- 
jected to acid hydrolysis for 40 minutes, and the 2,4-dinitrophenylhydra- 
zone was prepared from the hydrolysate. The hydrazone of pyruvic acid 
was identified by paper chromatography and by analysis of the absorption 


spectrum after elution from the paper. 


No other hydrazones were de- 
tected. 
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Possible Formation of Other Phosphate Esters—In view of the mechanism 
postulated by Kalckar (12) and by Lipmann (13) that phosphoenoloxalace- 
tate might be a precursor of PEP, and, since oxalacetate might be decar- 
boxylated during the preparative procedures, standards of the several a-keto 
acids were subjected to acid and to mercury hydrolysis (Experiment 3, 
Table III). After acid hydrolysis, the hydrazone prepared from oxalace- 


TaBLe IV 


Barium-Alcohol Fractionation with Crystallization of Silver-Bariwm 
Phosphoenolpyruvate 








Step No. Procedure Po Po Pao 
| uM uM uM 
1 Orthophosphate added 238 
2 | TCA filtrate after incubation 28 202 174 
3 Extraction 3 times with 5 vols. ethyl ace- | 30 | 202 | 172 
tate 
4 | Barium-insoluble 32 | 63 | 31 
5 _| Barium-soluble, alcohol-soluble 1 | 2 | 1 
6 a alcohol-insoluble | 0 | 130 | 130 
7 Ppt. of Step 6 redissolved in 0.1 N HNOs; | 1 | 13 | 112 


amorphous ppt. after addition of 150 um | 
AgNO; and 0.5 vol. methanol 
8 | Amorphous ppt. of Step 7 redissolved and | 
crystallized twice; final recovery of 
Ag-Ba salt as fine white needles | 


Aerobic incubation was carried out according to the standard procedure on a 24- 
fold scale in large vessels with 1.5 X 10-?m DNP. Phosphate contributed by the 
enzyme is not included in the calculations of Step 1. Step 3 removed virtually all 
the DNP and residual a-ketoglutarate. Steps 4, 5, and 6 were carried out at pH 
8.2. Elemental analysis of 8.5 mg. of crystalline material, vacuum ether-dried: 
found, C 8.76, H 1.61, P7.13 per cent; theory, C 8.07, H 1.35, P 6.95 per cent. Theory, 
calculated for the silver-barium salt of phosphoenolpyruvate with 2 moles of water 
of crystallization per mole of phosphate ester. 


tate had an Rr value corresponding to that of pyruvate, but after mercury 
hydrolysis there was no change in the Ry value of the hydrazone. This 
would indicate that oxalacetate is stable during the preparation of the 
hydrazone from the mercury hydrolysate. In the experiments previously 
described, the hydrazone of only pyruvate appeared after both types of 
hydrolysis. Therefore, there was no net accumulation of phosphoenol- 
oxalacetate during incubation, but its formation in trace amounts is not 
excluded. 
Inorganic pyrophosphate has been previously demonstrated as one d 
the products of oxidative phosphorylation in studies with insoluble particles 
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from liver (14). An attempt was therefore made to detect the accumula- 
tion of this compound under the conditions of the present experiments. 
The reaction mixture was subjected to enzymatic hydrolysis with yeast in- 
organic pyrophosphatase (15). No pyrophosphate was detected after in- 
cubation either with or without DNP. 

The peculiar pattern of phosphorylation under the influence of DNP 
suggested the possibility that DNP, or a degradation product, might be 
phosphorylated at one or more of the concentrations studied. The amount 
of DNP added was significantly less, on a stoichiometric basis, than the 
quantity of phosphate ester that was formed, and secondly, at each of the 
critical concentrations examined, DNP was recovered quantitatively when 
the reaction mixture was analyzed by a specific extraction procedure (16). 
Also, the absorption spectra of DNP before and after incubation were 
identical. Thus, there was no evidence of metabolic conversion or decom- 
position of DNP. Likewise, its polyphasic action cannot be explained by 
detectable differences in its metabolic fate. 

Balance Study—In the balance experiment of Table II, certain features 
may be emphasized which pertain to the metabolic fate of a-ketoglutarate 
under these conditions. All evidence indicates that the carbon atoms of 
PEP are derived from the a-ketoglutarate added as substrate: first, there 
is no other known precursor present in sufficient quantity within the 
mitochondria; secondly, there is no other non-mitochondrial source of 
carbon atoms in the reaction mixture; and thirdly, when a-ketoglutarate is 
added in limiting quantities, there is a parallel reduction in PEP formation. 
Calculated on the basis of the oxidative reactions of the citric acid cycle, 
the conversion of 1 mole of a-ketoglutarate to 1 mole of PEP would require 
3 atoms of oxygen, which would give a P:O ratio of 0.33. Since no other 
phosphate acceptors have been added (except those endogenous to the 
mitochondria), it is unlikely that other phosphorylations are of quantita- 
tive significance, and this ratio may therefore be accepted as the theoretical 
maximum. The observed P:O ratios were about 0.15. In the balances 
measured by the method of Friedemann and Haugen, about 40 per cent of 
the a-ketoglutarate was converted to PEP as the metabolic end-product. 
For example, at the low DNP concentration in Table II, 30 um of a-keto- 
glutarate were added and 5 um remained after incubation. Of the 25 um 
which had disappeared, about 10 um were recovered as PEP. It is to be 
noted that the above accounting applies to the low and high DNP as well 
as to the control. 

Reactions of Anaerobic Glycolysis—The formation of PEP under the pres- 
ent conditions necessitated a consideration of the reactions of anaerobic 
glycolysis. When fructose-1,6-diphosphate was added as substrate, no 
PEP was formed. Iodoacetate (Fig. 3) failed to modify the DNP-stimu- 
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lated formation of PEP. Fluoride, an inhibitor of enolase, failed to inhibit 


PEP formation except at concentrations greater than 0.044 m, at which 
respiration was also depressed. The stimulatory effects of fluoride at 
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Fia. 3. Effect of additional inhibitors on DNP-stimulated phosphorylation. 
Standard procedure: incubation for 40 to 50 minutes. Solid line, controls; dash line, 
additional inhibitor as indicated. Jodoacetate (0.001 M); initial Po 12.9 um per cup; 
iodoacetate slightly depressed respiration in the control cup, but had no effect on 
DNP-stimulated respiration. Fluoride (0.011 M); initial Po 11.2 um per cup; the in- 
creased phosphorylation at about 5 X 10-5 m DNP was associated with respiratory 
stimulation ((2), Table V). Arsenate (0.015 M); initial Po 11.4 um per cup; oxygen 
consumption (in microatoms): no arsenate, control, 40; 1.5 X 10-3 m DNP, 68; with 
arsenate, control, 24; 1.5 X 10-°>m DNP, 58. Effect of magnesium; control cups con- 
tained the standard medium; experimental cups identical except for omission of 
MgCl. (5 um per cup); initial Pp 11.3 wm per cup; at about 10-* m DNP, the greater 
inhibition of phosphorylation in the absence of added MgCl. was associated with a 
parallel depression of respiration; in the control and at other concentrations of DNP, 
the oxygen consumption was the same with as without added MgClo. 





medium DNP concentrations have been described previously (2). Arse- 
nate was examined because of its action in producing a net dephosphory- 
lation of PEP in a system in which this reaction can be accomplished by 
the intermediate formation of glyceraldehyde phosphate (17). As reported 


by Crane and Lipmann (18), studies on arsenate in a mitochondrial system 
are complicated by the formation of arsenite and the resultant depression 
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of a-ketoglutarate oxidation. This effect on respiration has been con- 
firmed by us. The marked inhibition by arsenate of PEP formation for 
the control and low concentrations of DNP (Fig. 3) was associated with a 
significant depression of respiration. However, at high levels of DNP 
both respiration and phosphorylation were stimulated even in the presence 
of arsenate. Although experiments with double inhibitors cannot be re- 
garded as conclusive in dealing with an enzyme system as complex as the 
mitochondrial preparations, the results are uniformly negative in terms 


TABLE V 
Effect of Phosphate Acceptor on Products of Phosphorylation 





Phosphate acceptor added 





Concentration None Hexose 
of 2,4-DNP Se i Aes et a ; 
Oxy, M - Oxy; Me yo 
| uptake aP labile P uptake AP labile P 
«| wicrostoms| pe | pe | sleroctoms| pe | poe 
None 25 4.7 4.1 8.1 11.6 0.5 
10-5 38 7.0 7.0 25 10.9 1.9 
5 X 10-5 | 21 2.3 3.1 35 8.2 3.4 
107° 40 7.4 8.1 39 10.0 7.2 








Cups with no added phosphate acceptor contained the components described in 
the standard procedure, except that orthophosphate was initially placed in the side 
arm. Cups with the hexose acceptor contained the same components, but with the 
addition to each cup of 100 um of fructose, 3 um of AMP, 33 um of NaF, and 0.02 ml. 
of yeast hexokinase; final volume 3 ml. Incubation in oxygen at 25° for 50 minutes. 
After 5 minutes equilibration the stop-cocks were closed and orthophosphate tipped 
infrom the side arm. Each cup initially contained 10.6 um of orthophosphate (side 
arm) and 1.6 um from the mitochondrial suspension. In addition, the mitochondria 
contained 0.7 wm of mercury-labile phosphate. 


of implicating any compounds of the anaerobic glycolytic cycle as precur- 
sors of PEP in this system. 

Effect of Added Phosphate Acceptor—Hunter (19) and Judah (20) have 
previously reported that the A P/A a-ketoglutarate ratio is about 0.40 for 
the DNP-resistant aerobic phosphorylation; a similar ratio was obtained 
by us (see Table JI). Since no phosphate acceptors were routinely added, 
further experiments were done to determine the effect of AMP, hexose, 
hexokinase, and fluoride (Table V). Although maximal P:O ratios, in the 
presence of a hexose acceptor, are most readily demonstrated in a mito- 
chondrial system with 50 um or more of orthophosphate per cup, only a 
limited amount (10 um per cup) was added in these experiments, because 
such an amount facilitated the detection of mercury-labile phosphate and 
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also because the increased formation of PEP at high levels of DNP is 
inhibited by high concentrations of orthophosphate (2). With the hexose 
acceptor, almost all of the orthophosphate esterified was mercury-stable 
and may be considered mostly hexose phosphate (14). As the concentra- 
tion of DNP was increased, there was little change in the amount of phos- 
phate esterified, but the quantity of PEP (mercury-labile phosphate) in- 
creased markedly, and at 10-* m DNP approximately 75 per cent of the 
orthophosphate that had disappeared was identified as PEP. 
DISCUSSION 

PEP was originally isolated by Lohmann and Meyerhof (5) as an inter- 
mediate of anaerobic glycolysis, and it has been subsequently demon- 
strated as a product of aerobic metabolism (12, 21).2 Under the present 
conditions the net formation of PEP via the enolase reaction from precur- 
sors in the glycolytic cycle may be excluded for reasons previously dis- 
cussed. In isolated systems, the synthesis of PEP has been shown to occur 
via the following reactions (22, 23): 


(1) Oxalacetate + ATP = PEP + CO, + ADP 


(2) Pyruvate + ATP = PEP + ADP 


It has also been proposed that PEP might arise through the formation of 
an addition product of orthophosphate and fumarate, with subsequent 
oxidation of the phosphomalate and decarboxylation of phosphoenoloxal- 
acetate (13). Phosphomalate has previously been found to be metaboli- 
cally inert in a mitochondrial system (24), an observation which may be 
cited as suggestive, but not conclusive, evidence against its réle as an 
intermediate. 

Current evidence on a-ketoglutarate oxidation indicates that the mech- 
anisms of phosphorylation at the substrate level’ are fundamentally differ- 


2 Leloir and Muifioz (21) used a liver enzyme preparation having an adenylic and 
cytochrome requirement which formed PEP with added succinate, fumarate, and 
malate as well as citrate. Kalckar (12) used an aqueous extract of kidney which 
formed PEP from added malate; the requirements for cofactors were not stated. 
The results of the present study, without added cofactors, differ from the above 
in that significant yields of PEP were not obtained with added succinate, fumarate, 
or malate. In view of these differences, the réle of cofactors and other experimental 
variables requires further examination in the case of these substrates. 

’The term “substrate phosphorylation’? has been generally used to denote a 
phosphorylation associated with the oxidation of substrate per se, in contradistine- 
tion to phosphorylation accompanying the reactions of electron transport via the 
coenzyme system. In the present study, a different type of aerobic substrate phos- 
phorylation has been demonstrated; namely, that the end-product of phosphoryla- 
tion (PEP) is derived from oxidizable substrate (a-ketoglutarate). The possibility 
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ent from those at the level of electron transport. The latter are uncoupled 
by DNP (20, 25), whereas the former are not. Substrate phosphorylations 
that are DNP-resistant have been observed under a number of conditions. 
These include three types of experiments with mitochondrial preparations: 
first, the aerobic oxidation of a-ketoglutarate with added hexose trap 
(19, 20); second, the anaerobic dismutation of a-ketoglutarate with added 
hexose trap (19); and third, as in the present studies, the aerobic oxidation 
of a-ketoglutarate without added phosphate acceptor. In addition, studies 
on purified preparations of a-ketoglutarate dehydrogenase have demon- 
strated a DNP-resistant phosphorylation associated with the formation 
of ATP (26, 27). 

In view of the above observations a reasonable sequence for the DNP- 
resistant formation of PEP might be postulated as follows: the generation 
of ATP at the substrate phosphorylation of a-ketoglutarate oxidation and 
its subsequent reaction with either oxalacetate or pyruvate as in Reactions 
land 2. The equilibrium of Reaction 2 is far to the left (23), whereas the 
equilibrium of Reaction 1 is far more favorable to the formation of PEP 
(22). The enzymes involved in these reactions have to date not been iso- 
lated from rabbit liver mitochondria, and thus they cannot be definitely 
implicated in the synthesis of PEP in the present system. 

However, there are several observations which fail to be explained by 
the reaction sequence postulated above and which therefore suggest that 
the phosphorylations may not be mediated via the adenylic system. First, 
high yields of PEP are obtained with a-ketoglutarate as substrate, but not 
with succinate (2). Although a DNP-resistant phosphorylation would 
not be anticipated with succinate, virtually no PEP was formed with 
succinate oxidation, even in the absence of DNP. As has been demon- 
strated previously with a system in which hexose serves as phosphate accep- 
tor, succinate oxidation generates sufficient ATP to yield P:O ratios of 
about 2.0 (14). Thus, the failure of PEP synthesis with succinate, but in 
the absence of DNP, is not readily reconciled with the hypothesis that 
the reaction is mediated via ATP. Secondly, the sequences postulated 
above fail to explain the results obtained with the added phosphate ac- 
ceptor system; namely, the preferential formation of PEP, rather than hex- 
ose phosphate, at the high concentration of DNP. If both phosphoryl- 
ations were mediated via ATP, this finding could be attributed either to 
DNP inhibition of transfer of phosphate from ATP to hexose, or to stim- 
ulation by DNP of transfer of phosphate from ATP to PEP. No infor- 
mation is available regarding the latter possibility, but the effect of DNP 





remains, however, that the phosphate precursors of PEP could themselves be formed 
as a result of phosphorylation occurring at either the substrate or electron transport 
level of a-ketoglutarate oxidation. 
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on hexokinase has been reexamined. In simple assays performed without 
added mitochondria, 1.5 * 10-? m DNP had no discernible effect on the 
hexokinase reaction. When studied in the mitochondrial preparation by 
the addition of ATP, the assay of hexokinase activity was inconclusive ow- 
ing to the simultaneous stimulation of ATPase, which can be considered to 
be in competition with hexokinase for the terminal phosphate of ATP. 
It has been shown previously that hexose phosphate is formed via the hex- 
okinase reaction during the anaerobic dismutation of a-ketoglutarate in 
mitochondrial preparations. Under these conditions no PEP is formed. 
Hunter (19) reported that DNP, in concentrations up to 1.2 X 10° y, 
does not lower the A P/A a-ketoglutarate ratio, and this finding has been 
confirmed by us. This would suggest that, under these conditions, DNP 
has no effect on the generation of ATP, nor does it interfere significantly 
with the hexokinase reaction. In so far as these findings are applicable 
to the aerobic mitochondrial system, they indicate that high concentra- 
tions of DNP do not inhibit hexokinase activity, and therefore that the 
preferential formation of PEP, rather than of hexose phosphate, could not 
be explained on this basis. As alternative hypotheses, this phenomenon 
might be attributed either to a specific stimulation of phosphate transfer 
from ATP to PEP or to the formation of PEP via phosphorylated interme- 
diates other than the adenylic system. 


SUMMARY 


Phosphoenolpyruvate has been identified as the phosphate compound 
formed during the aerobic incubation of rabbit liver mitochondria with 
a-ketoglutarate and orthophosphate. On addition of increasing concen- 
trations of DNP the amount of PEP formed varies in a polyphasic pattern. 
High yields of PEP are obtained with a-ketoglutarate, or its immediate 
precursors, as substrate; negligible PEP formation results from the oxida- 
tion of succinate, fumarate, and malate. The product of one type of 
DNP-resistant substrate phosphorylation has thus been identified as PEP. 
Some of the possible metabolic pathways of this phosphorylation have been 
discussed. 


The authors are indebted to Frances Dulberg and Robert Eyer for their 
very capable technical assistance. 


Addendum—Since this paper was submitted for publication, Utter et al. (28) have 
reported that inosinetriphosphate is a precursor of PEP in the oxalacetate carboxyl- 
ase reaction, and that ATP may be involved only indirectly in a transphosphoryla- 
tion to form inosinetriphosphate. It has also been reported by Sanadi and Ayengar 
(29) that the phosphorylation coupled with the oxidation of a-ketoglutarate is medi- 
ated via guanosine polyphosphates. Both of these observations are pertinent to 
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the present problem in that they identify phosphorylated intermediates, other than 
those of the adenylic system, which might be involved in the DNP-resistant phos- 
phorylations leading to the formation of PEP. However, at the present time, there 
is no evidence regarding the effect of DNP on any specific transphosphorylation 
involving the above intermediates. 
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Iron: Diphosphopyridine nucleotide 
cytochrome c reductase, réle, Mahler 
and Elowe, 165 


K 


Ketoadipic acid: 8-, formation mecha- 

nism, bacteria, Sistrom and Stanier, 

821 

Ketosteroid(s): 17 ,21-Dihydroxy-20-. 
See Dihydroxy-20-ketosteroid 


Kidney: Dialkylfluorophosphatase, 
Mounter and Chanutin, 219 
Kinase: Hexo-. See Hexokinase 
L 
Lactobacillic acid: Biotin-like activity, 
Hofmann and Panos, 687 


Lactobacillus: Phenylalanine and phen- 
ylserine isomers, antagonism, For 
and Warner, 119 

Lignin: Methoxyl groups, formate and 
methionine methyl group relation, 
Byerrum, Flokstra, Dewey, and Ball, 

633 
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Lipase: Synthesis and secretion, pan- 
creas, Schucher and Hokin, 551 
Lipogenesis: Mammary gland, glucose 
oxidation, relation, Hirsch, Baruch, 


and Chaikoff, 785 
Liver: Carbon 14-labeled propanediol, 
isolation, Rudney, 353 
Cholesterol synthesis, Curran, 765 


Deoxypentose nucleohistone,  sedi- 
mentation and electrophoretic prop- 


erties, Kupke, Eldredge, and Luck, 


295 
Enzyme, glycolic acid oxidation, Kun, 
Dechary, and Pitot, 269 


Estradiol-16-C'* protein-bound metab- 
olite formation, Riegel and Mueller, 
249 
phosphoenolpyruvate 
formation, 2,4-dinitrophenol effect, 
Mudge, Neuberg, and Stanbury, 


Mitochondria, 


965 

dl-Propanediol-1-phosphate, isolation, 
Rudney, 353 
Lymphatic tissue: Amino acids, free, 
Kit and Awapara, 11 


Lysozyme: Xanthydrol and, reactions, 
Dickman, Kropf, and Proctor, 491 


M 


Mammary gland: Lipogenesis, glucose 
oxidation, relation, Hirsch, Baruch, 
and Chaikoff, 785 

Manganese: Bacterial nitro reductase, 
Aureomycin and, effect, Saz and Slie, 


407 

Metalloflavoprotein(s): Mackler, Mahler, 

and Green, 149 

Mahler and Elowe, 165 
Mahler, Mackler, Green, and Bock, 

465 


Methionine: Methy! group, lignin meth- 
oxyl groups, relation, Byerrum, 
Flokstra, Dewey, and Ball, 

633 

Microorganism(s): Nucleic acid metab- 
olism, folic acid and vitamin By» 
effect, Rege and Sreenivasan, 373 

See also Bacillus, Bacteria, etc. 

Milk: Constituents, butyrate as pre- 
cursor, Kleiber, Black, Brown,, Luick, 
Baxter, and Tolbert, 239 


Mitochondrium: Ascorbic acid oxidation 
by, phosphorylation relation, Lehn 
inger, ul Hassan, and Sudduth, 

911 

Liver, phosphoenolpyruvate forma 

tion, 2,4-dinitrophenol effect , 
Mudge, Neuberg, and Stanbury, 

965 

Mold: See also Neurospora 

Molybdoflavoprotein: Aldehyde oxidase 
relation, Mahler, Mackler, Green, 


and Bock, 465 
Xanthine oxidase relation, Mackler, 
Mahler, and Green, 149 
Monoamine oxidase: Schayer, Wu, 
Smiley, and Kobayashi, 259 


Muconic acid: 8-Carboxy-. See Car- 
boxymuconie acid 
Muscle: Adenosinetriphosphatase, Green 
and Mommaerts, 695 
See also Heart 
Mycobacterium phlei: Decarboxylase, 
lactic oxidative, isolation and prop- 
erties, Sutton, 309 
Myosin: Adenosinetriphosphatase,  ki- 
netics, Green and Mommaerts, 
695 


N 


Neurospora: Amino acid formation and 
utilization, Andersson-Kotté, Ehren- 
svdrd, Hégstrém, Reio, and Saluste, 


455 
Mutant, pyrimidineless, growth, amino 
acids, effect, Fairley, 347 


Nicotine: Glycine incorporation into, 
tobacco metabolism relation, Byer- 


rum, Hamill, and Ball, 645 
Nitrogen compound(s): Yeast cell di- 
vision, Spoerl and Carleton, 521 


Nitro reductase: Bacteria, Aureomycin 
and manganese, effect, Saz and Slie, 
407 
Nuclease: Ribo-. See Ribonuclease 
Nucleic acid: Deoxyribo-. See Deoxy- 
ribonucleic acid 
Metabolism, microorganisms, folic 
acid and vitamin By effect, Rege and 
Sreenivasan, 373 
Nucleohistone: Deoxypentose. See De- 
oxypentose nucleohistone 
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Nucleoside diphosphate(s): Phosphor- 
ylation, enzymatic, Berg and Joklik, 


| Phenol: 


Phenylserine: 


657 
Nucleotide(s): Adenine. See Adenine 
nucleotide 

Diphosphopyridine. See Diphospho- 

pyridine nucleotide 

oO 

Octamethylpyrophosphoramide: Phos- 
phoramide N-oxide from, Casida, | 
Allen, and Stahmann, 607 


Oligogalacturonide(s): Hydrolysis, 
yeast polygalacturonase effect, De- 
main and Phaff, 381 

Ovalbumin: Monomolecular films, ex- 
pansion, Kaplan and Fraser, 57 

Phosphate-protein linkage, Flavin, 
771 
Oxidase: Aldehyde. 
dase 
Monoamine. See Monoamine oxidase 
Protocatechuic acid. See Protocate- 
chuic acid oxidase 
Xanthine. See Xanthine oxidase 


Pp 


Palmitate: Oxidation, peanut particu- 
late system, Humphreys, Newcomb, 
Bokman, and Stumpf, 941 

Pancreas: Lipase synthesis and secre- 
tion, Schucher and Hokin, 551 

Ribonuclease synthesis and secretion, 
Schucher and Hokin, 551 

Peanut: Particulate system, palmitate 
oxidation, Humphreys, Newcomb, 
Bokman, and Stumpf, 941 

Pectic acid: Hydrolysis, yeast poly- 


galacturonase effect, Demain and 
Phaff, 381 
Penicillin(s): Biosynthesis, cysteine 


derivatives, relation, Stevens, Vohra, 
Moore, and De Long, 
713 
Phosphorylation, 
545 
linkage, 
771 
See Glutamyl 


Pentachlorophenol: 
oxidative, effect, Weinbach, 

Pepsin: 
Flavin, 

Peptide(s): 
peptide 


Phosphate-protein 


Glutamyl. 


See Aldehyde oxi- | 
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2,4-Dinitro-. See 


Dinitro- 


phenol 
Pentachloro-. 
Phenylalanine: 
and, lactobacilli, antagonism, For 
119 
phenyl- 


See Pentachlorophenol 
Phenylserine isomers 
and Warner, 
Isomers and 
alanine, lactobacilli, 
Fox and Warner, 
Phosphatase: Adenosinetri-. 
osinetriphosphatase 
Dialkylfluoro-. See 
phosphatase 
Phosphate: -Protein linkage, pepsin and 
ovalbumin, Flavin, 771 
Phosphoenolpyruvate: Formation, liver 
mitochondria, 2,4-dinitrophenol ef- 
fect, Mudge, Neuberg, and Stanbury, 
965 
See 


antagonism, 
119 
See Aden- 


Dialkylfluoro- 


Phosphoramide: Octamethylpyro-. 

Octamethylpyrophosphoramide 

Phosphoramide N-oxide: Octamethyl- 

pyrophosphoramide conversion to, 

Casida, Allen, and Stahmann, 607 

Phosphorus: Radio-, brain, Theiler’s 
GD VII virus, effect, Moldave, 

343 

Phosphorylation: Aerobic, 2,4-dinitro- 

phenol effect, Stanbury and Mudge, 

949 

Ascorbic acid oxidation by mitochon- 

dria, relation, Lehninger, ul Hassan, 


and Sudduth, 911 
Cytochrome c, reduced, oxidation, 
relation, Maley and Lardy, 903 


Oxidative, pentachlorophenol effect, 
Weinbach, 545 
Plant(s): Fat metabolism, Humphreys, 
Newcomb, Bokman, and Stumpf, 
941 
Polygalacturonase: Yeast, oligogalac- 
turonides and pectic acid hydrolysis, 
effect, Demain and Phaff, 381 
Pregnane-3 ,20-dione: Adrenal perfusion 
of, effect, Ralls, Saunders, Raymond, 
and Riegel, 709 
Propanediol: Carbon 14-labeled, isola- 
tion, liver, Rudney, 353 
— —, synthesis, Rudney, 353 
Propanediol phosphate: Acetone metab- 
olism, relation, Rudney, 361 
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SUBJECTS 


Propanediol-1-phosphate: dl-, isolation, 

liver, Rudney, 353 

—, synthesis, Rudney, 

Protein(s): Amino acid incorporation, 
Rabinovitz, Olson, and Greenberg, 

837 

-Bound metabolite of 

C4, formation, Riegel and 

Mueller, 249 

-Phosphate linkage, pepsin, and oval- 


liver, 


bumin, Flavin, wa. 


Sedimentation, Hogeboom and Kuff, 
733 


Protocatechuic acid oxidase: Stanier and | 


Ingraham, 799 
Purine: Metabolism, bacteria, Gots and 
Love, 395 


Pyridoxine: Heart metabolism, effect, | 


Brin, Olson, and Stare, 
435 


Pyrimidine: -Deficient Neurospora mu- | 


tant, growth, amino acids, effect, 


Fairley, 347 | 


Pyruvate: Alcohol metabolism, effect, 
Vitale, Hegsted, McGrath, Grable, and 
Zamcheck, 


vate 
Q 
Quinacrine: Adenine nucleotides and, 
interaction, Irvin and Irvin, 45 
R 


Reductase: Cytochrome c. See Cyto- | 


chrome c reductase 
Nitro. See Nitro reductase 
Renin: Substrate, purification, Green 
and Bumpus, 281 
Respiration: 2,4-Dinitrophenol effect, 


Stanbury and Mudge, 949 
Riboflavin: Biogenesis, Eremothecium 
ashbyii, adenine effect, McNutt, 

511 

Ribonuclease: Deoxy-. See Deoxyribo- 
nuclease 

Synthesis and secretion, pancreas, 

Schucher and Hokin, 551 


Xanthydrol and, reactions, Dickman, | 
Kropf, and Proctor, 491 | 


353 | SC factor: 


| Serine: Phenyl-. 


: | Sodium: Blood serum, determination, 
estradiol-16- | 


| Succinic 


753 | 
Phosphoenol-. See Phosphoenolpyru- | 


Ss 


Cytochrome components, 

Widmer, Clark, Neufeld, and Stotz, 
861 

See Phenylserine 


Vanatta and Coz, 719 
Steroid(s): Metabolism, Kemp, Kappas, 
Salamon, Herling, and Gallagher, 


123 
Fukushima, Kemp, Schneider, Sto- 
kem, and Gallagher, 129 


Urine, isolation and characterization, 
Fukushima, Kemp, Schneider, Sto- 
kem, and Gallagher, 129 

dehydrogenase: Cytochrome 
c-linking factor, Clark, Neufeld, Wid- 
mer, and Stotz, 851 

Heart, Neufeld, Scott, and Stotz, 869 


T 


Theiler’s GD VII virus: Brain radio- 
phosphorus, effect, Moldave, 


343 
Thyroxine: Analogues, Amphibia, effect, 
Bruice, Winzler, and Kharasch, 1 


Tobacco: Metabolism, glycine incorpora- 
tion into nicotine, relation, Byerrum, 
Hamill, and Ball, 645 

Transphosphorylase: Adenosinetriphos- 
phate-creatine. See Adenosinetri- 
phosphate-creatine transphosphor- 
ylase 

Trypsin: Inhibition, Viswanatha and 
Liener, 97 


U 


| Uracil: Catabolism, Rutman, Cantarow, 


and Paschkis, 321 
Urine: 38,118-Dihydroxyandrostane-17- 
one, identification, Kemp, Kappas, 
Salamon, Herling, and Gallagher, 
123 
17 ,21-Dihydroxy-20-ketosteroids, de- 
termination, Silber and Porter, 
923 
38-Hydroxy-A*“» - androstene - 17 - one, 
identification, Kemp, Kappas, Sala- 
mon, Herling, and Gallagher, 123 
Inulin determination, Preedy, 651 
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Urine—continued: 

Steroids, new, isolation and characteri 
zation, Fukushima, Kemp, Schneider, 
Stokem, and Gallaghe r, 129 


Vv 


Virus: Theiler’s GD VII, brain radio 
phosphorus, effect, Woldave, 343 

See also Bacteriophage 
Vitamin: A, metabolism, 
studies, High, Smith, Taylor, 
Wilson, 681 
free, fasting 


antioxidant 
and 


By», blood amino acids, 
and, effeet, Charkey, Kano, and And 
627 


, microorganism nucleic acid metab 


erson, 


olism, effect, Rege and Sreenivasan, 


373 
xX 


Xanthine oxidase: Molybdoflavoprotein 
relation, Mackler, Mahler, and Green, 
149 


INDEX 


Xanthydrol: Amino acids and, reactions, 
Dickman and Westcott, 48] 
Insulin and, reactions, Dickman, 
Kropf, and Proctor, 49] 
Lysozyme and, reactions, Dickman, 
Kropf, and Proctor, 49] 


teactions, Westcott and Dickman, 


499 


tibonuclease and, reactions, Dickman, 


Kropf, and Proctor, 
491 
Xanthylcytochrome: c, preparation and 
Westcott and Dickman, 


499 


properties, 


¥ 


Yeast: Cell 
pounds, Spoerl and Carleton, 


division, nitrogen com- 

521 
oligogalacturon- 
ides and pectic acid hydrolysis, ef- 
fect, Demain and Phaff, 381 


See also Eremothecium 


Polygalacturonase, 











